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ABSTRACT
Context. Penumbral microjets (PMJs) are short-lived, jet-like objects found in the penumbra of sunspots. They were first discovered
in chromospheric lines and have later also been shown to exhibit signals in transition region (TR) lines. Their origin and manner of
evolution is not yet settled.
Aims. We perform a comprehensive analysis of PMJs through the use of spectral diagnostics that span from photospheric to TR
temperatures to constrain PMJ properties.
Methods. We employed high-spatial-resolution Swedish 1-m Solar Telescope observations in the Ca ii 8542 Å and Hα lines, IRIS
slit-jaw images, and IRIS spectral observations in the Mg ii h & k lines, the Mg ii 2798.75 Å & 2798.82 Å triplet blend, the C ii 1334
Å & 1335 Å lines, and the Si iv 1394 Å & 1403 Å lines. We derived a wide range of spectral diagnostics from these and investigated
other secondary phenomena associated with PMJs.
Results. We find that PMJs exhibit varying degrees of signal in all of our studied spectral lines. We find low or negligible Doppler
velocities and velocity gradients throughout our diagnostics and all layers of the solar atmosphere associated with these. Dark features
in the inner wings of Hα and Ca ii 8542 Å imply that PMJs form along pre-existing fibril structures. We find evidence for upper
photospheric heating in a subset of PMJs through emission in the wings of the Mg ii triplet lines. There is little evidence for ubiquitous
twisting motion in PMJs. There is no marked difference in onset-times for PMJ brightenings in different spectral lines.
Conclusions. PMJs most likely exhibit only very modest mass-motions, contrary to earlier suggestions. We posit that PMJs form at
upper photospheric or chromospheric heights at pre-existing fibril structures.
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1. Introduction
Penumbral microjets (PMJs) are observed in the penumbrae of
sunspots, and they were first discovered in the chromospheric
Ca ii H line (Katsukawa et al. 2007). Time-sequences produced
by the Hinode satellite’s 3 Å wide Ca ii H line imaging filter re-
vealed short-lived jet-like objects which were most noticeable
in time-difference images. In these original observations, PMJs
show a relative brightening of 10% - 20% compared to their
penumbral surroundings, have lengths of 1000 km - 4000 km and
widths of about 400 km, typical lifetimes of up to 1 minute, and
apparent rise-velocities of 100 km s−1 (Katsukawa et al. 2007).
In Katsukawa et al. (2007), the authors speculated that the fast
apparent velocities of PMJs could be explained by either a true
mass motion caused by a reconnection outflow that exceeds
acoustic velocities or alternatively by the evolution of a thermal
conduction front that lacks significant mass motions. Through
inversions and analyses of PMJ observations, Esteban Pozuelo
et al. (2019) posit that PMJs are the result of a propagating per-
turbation front that originates in the deep photosphere and dissi-
pates energy within the PMJ in a process akin to what has been
suggested for spicules in recent times (De Pontieu et al. 2017).
This lends support to the thermal conduction front scenario of
Katsukawa et al. (2007).
A large automated sampling of PMJs
(Drews & Rouppe van der Voort 2017) using highly spatially,
temporally, and spectrally resolved Ca ii 8542 Å observations
from the Swedish 1-m Solar Telescope (SST) at La Palma gives
average PMJ lengths, widths, and lifetimes of 640 km, 210 km,
and 90 s (with an 8 minute cut-off), respectively, on the same
order of magnitude as previous values. PMJs are thought to
be chromospheric in origin (Katsukawa et al. 2007; Jurcˇák &
Katsukawa 2010), but they have been shown to have transition
region (TR) responses (Vissers et al. 2015; Tiwari et al. 2016;
Katsukawa 2018) and are visible in the Mg ii k, C ii, and Si iv
slit-jaw images observed by the Interface Region Imaging
Spectrograph satellite (IRIS, De Pontieu et al. 2014). These
observations suggest heating to TR temperatures as the studied
PMJs show emission in the C ii and Si iv lines towards their tops.
TR bright dots are bright features that are pre-
dominantly found in the penumbrae of sunspots
(Tian et al. 2014; Alpert et al. 2014), and they are visible
in TR channels, such as the IRIS SJI 1400 Å and 1330 Å chan-
nels. They are usually somewhat elongated and have sizes on the
scale of a few hundred kilometres, and upon discovery they were
already speculated to be linked to PMJs. Samanta et al. (2017)
posit more specifically that PMJs may in fact originate at TR
heights in the form of TR bright dots and show chromospheric
signatures only after their TR counterparts, and they report
observations to this effect. However, the most popular proposed
mechanism for the creation of PMJs remains magnetic reconnec-
tion in the photospheric penumbra, as initially suggested upon
their discovery (Katsukawa et al. 2007). The magnetic reconnec-
tion scenario at photospheric or lower chromospheric heights is
supported by the measurement of apparent inclinations of PMJs
to surrounding penumbral filaments (Katsukawa et al. 2007)
and magnetic fields (Jurcˇák & Katsukawa 2008). Some small
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photospheric downflow patches are also observed in conjunction
with some PMJs (Katsukawa & Jurcˇák 2010), which may
further strengthen the assumption of photospheric magnetic
reconnection. There is also numerical work that suggests the
plausibility of the photospheric magnetic reconnection scenario
(Nakamura et al. 2012), showing that reconnection can indeed
give rise to jet-like phenomena that travel in the approximate
direction of the surrounding penumbral fibrils and later reach
observed apparent velocities as a result of moving from the
dense photosphere to the less dense chromosphere by producing
a shock.
A distinct PMJ profile in the Ca ii 8542 Å line was first pre-
sented by Reardon et al. (2013), displaying peaks in the in-
ner line wings with a blue-over-red asymmetry. The average
Ca ii 8542 Å PMJ line profile of Drews & Rouppe van der
Voort (2017) did not reveal any significant Doppler shift, nor
a viewing-angle correlation between the line offset of the blue or
red peaks in the distinct line profile.
Large penumbral jets (LPJs) were first described in Tiwari
et al. (2016) as larger-than-average and more energetic PMJs
that can be found at the edge of penumbrae. Tiwari et al. (2018)
present evidence that LPJs may exhibit twisting motions along
their long axis. This was accomplished through the analysis of
spectral profiles observed using IRIS in the Mg ii k line. At least
a subset of the objects studied in this and other works that are
termed PMJs may instead have been termed LPJs by Tiwari and
collaborators. As such, the potential twisting motion of LPJs
may also be expected of regular PMJs, and more so of large
PMJs at the edge of penumbrae, which are in essence defined
to be LPJs in the cited works.
The time evolution of PMJs has only been studied observa-
tionally in broad terms, especially when comparing their sig-
natures in different wavelengths and thus solar temperatures
through time. Earlier works have focused on lifetimes and appar-
ent velocities of PMJs, usually in specific chromospheric lines.
In Rouppe van der Voort & Drews (2019), we argue for a revised
view of PMJ temporal evolution in light of highly temporally
resolved SST observations of PMJs in the Ca ii H line. PMJs
only show modest, true apparent velocities and appear to light up
across a significant fraction of their length along existing fibrils
in the Ca ii H line. This happens on the timescales of the cadence
of the observations of about 1 s. This is hypothesised to be due to
a heating front moving through the PMJs, rather than hot mate-
rial moving upwards in a true mass motion. This interpretation is
congruent with the proposed scenario mentioned earlier, which
was first put forth by Katsukawa et al. (2007), regarding an
evolving thermal conduction front, which was strengthened by
the findings of Esteban Pozuelo et al. (2019). To definitively dif-
ferentiate between a scenario involving true high-velocity mass
motions or that of an evolving thermal conduction front, we per-
formed a wide range of Doppler-shift measurements, as first sug-
gested in Katsukawa et al. (2007).
Here, we expand on the investigation of the TR response of
PMJs as performed in Vissers et al. (2015) by analysing co-
observations from the SST and IRIS, covering the solar atmo-
sphere from the photosphere to the TR. We sampled the photo-
sphere and chromosphere of a fully formed sunspot with detailed
line scans of Ca ii 8542 Å and Hα with the SST and sampled
the upper chromosphere and TR with slit-jaw images and spec-
tra of Mg ii, C ii, and Si iv from IRIS. We assembled a set of 77
PMJs, which were co-observed with both the SST and IRIS. The
PMJs’ IRIS signatures were sampled at IRIS’ spectrograph slit-
(b)
IRIS 2796 slit−jaw
t = 4133 s
  
(a)
CaII −line
at −350mÅ offset
t = 4137 s
 
  
(d)
Composite Image
Red: CaII 8542, −350mÅ
Green: Mg II slitjaw
Blue: Si IV Slitjaw
 
  
(c)
IRIS 1400 slit−jaw
t = 4123 s
Fig. 1: Example PMJ from dataset B. Observations of (a) the SST
Ca ii 8542 Å line at an offset of −350 mÅ, (b) the IRIS SJI 2796, (c)
the IRIS SJI 1400, and (d) the composite RGB image created from the
three preceding images are shown. Tick-mark spacing is 1”. The im-
ages were cropped with the PMJ at their approximate centres. Sym-
bols mark the sampling positions for analysis of spectral line profiles.
Cross: Ca ii 8542 Å, diamond: the Mg ii k, h, and triplet lines, square:
C ii 1334 Å and 1335 Å lines, triangle: Si iv 1394 Å and 1403 Å lines.
The slit positions (of one-pixel width) of IRIS are denoted in each panel
by black-dotted lines. Tick marks are spaced 1” apart.
positions and at all intermediate pixels covered by the SST in the
Ca ii 8542 Å and Hα lines.
The above enabled us to acquire a wide range of spectral
diagnostics at different locations along the PMJs, so that we
can analyse spectral features at different nominal heights and
throughout the PMJs’ evolution, from formation to dissipation
and heights from the photosphere to the TR. We also study pos-
sible twisting motions of PMJs utilising the Mg ii line and de-
scribe concurrent PMJ features in the inner wings of the Hα and
Ca ii 8542 Å lines. Lastly, we describe the appearance of the var-
ious PMJ signals in the different spectral channels through time.
2. Observations
We observed NOAA Active Region AR12533 on April 29 and
30, 2016. The field of view for SST and IRIS was aimed at
the centre of the oval sunspot with a fully formed penumbra.
On April 29, the AR was at heliocentric coordinates (X,Y) =
(623”, 19”) (µ = cos θ = 0.75, with θ the observing angle).
On April 30, it was observed again, but then at heliocentric co-
ordinates (X, Y) = (774”, 4”) (µ = cos θ = 0.57). The SST
seeing was good for the duration of the co-pointing on both
days. The data quality was further improved by the adaptive op-
tics system (Scharmer et al. 2003) and subsequent image recon-
struction with the multi-object multi-frame blind deconvolution
method (MOMFBD, van Noort et al. 2005). The observing pro-
cedure and programmes used for both instruments were identical
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for both sets of observations. We used the CRisp Imaging Spec-
troPolarimeter (CRISP, Scharmer et al. 2008) instrument to ac-
quire spectrally resolved data in the Ca ii 8542 Å and Hα spec-
tral lines. Six exposures were acquired per liquid crystal state
and line position, and the Ca ii 8542 Å line scan was completed
in ∼ 16 s, and with the Hα scan included, the effective ca-
dence of the time sequence was ∼ 20 s. The spectropolarimetric
Ca ii 8542 Å data sampled the spectral line at 21 line positions,
with a dense (70 mÅ steps) sampling in the line core and an in-
creasingly coarser sampling in the wings out to ±1.75 Å. The
Hα line was sampled at 15 positions, with 200 mÅ steps around
the line core and the last two sampling positions at ±1500 mÅ.
The CRISP data were processed with the CRISPRED reduc-
tion pipeline (de la Cruz Rodríguez et al. 2015).
IRIS ran a so-called medium sparse eight-step raster observ-
ing programme (OBSID 3620106129) with a 60′′ long and 0′′.33
wide spectrograph slit covering a 7′′ wide area with eight slit po-
sitions separated by 1′′. The exposure time was 4 s and the spec-
trograms were 2× binned both in the spatial (0′′.33 per pixel) and
spectral domain (26 mÅ per pixel for the FUV spectra and 51
mÅ per pixel for the NUV). The raster cadence was ∼ 40 s. Slit-
jaw images (SJI) were recorded in the SJI 1400 Å, 1330 Å, and
2796 Å channels at a cadence of ∼ 20 s, and in the SJI 2832 Å
channel at a 122 s cadence. All slit-jaw images were spatially
binned to 0′′.33 per pixel.
Co-pointing proved to be successful, with both instruments
imaging the whole sunspot for the two time series at 09:42 -
11:13 UT and 09:08 -10:38 UT on April 29 and 30, 2016 respec-
tively. The SST and IRIS observations were co-aligned through
cross-correlation between the Ca ii 8542 Å wing and the SJI
2832 Mg h wing channel.
Going forward, when referring to the observations from
April 29, April 30 and the values derived thereof, we use the
short-hand terms dataset A and dataset B, respectively.
3. Methods
To investigate the spectral signatures of PMJs in the wave-
length passbands available from the SST and IRIS observations,
we identified examples of PMJs using the CRisp SPectral EX-
plorer (CRISPEX, Vissers & Rouppe van der Voort 2012). This
allowed us to view the observations simultaneously in the SST
Ca ii 8542 Å line and the IRIS slit-jaw images, allowing for
easier initial identification of sample events crossing the IRIS
raster-positions. For the final identification and selection of suit-
able PMJs that crossed the IRIS spectrograph raster slits, we em-
ployed a visual examination of side-by-side images in the SST
and SJI IRIS observations together with composite images of
them.
PMJs are the brightest at an offset of −350 mÅ in the
Ca ii 8542 Å line (Drews & Rouppe van der Voort 2017), corre-
sponding to the typical blue peak position in this line. We cre-
ated RGB images from Ca ii 8542 Å −350 mÅ images (Red),
SJI 2796 images (Green), and SJI 1400 images (Blue). IRIS slit-
jaw images and images in the Ca ii 8542 Å blue wing can be
employed to highlight the progression of PMJs through tem-
peratures and corresponding heights that usually correspond to
these channels. The inner wings of the CRISP Ca ii 8542 Å line
are usually associated with the chromosphere, the IRIS SJI 2796
with the upper cromosphere, and the IRIS SJI 1400 with the TR.
The RGB images were adjusted for contrast and intensity
ranges in order to aid in qualitatively identifying PMJs. In these
images, PMJs often exhibit a distinct ‘rainbow’ signature. This
arises from the fact that PMJs typically exhibit spatially off-
set enhancements in these channels through the different atmo-
spheric heights. This signature is typically orientated along the
same direction as the jet-like structure of the PMJ. This be-
haviour was first described in Vissers et al. (2015). An example
of a PMJ in the different mentioned channels and the resultant
RGB composite image that displays a rainbow signature is given
in Fig. 1. This and other similar figures aided in the further iden-
tification of PMJs.
There exists a bias towards the detection of PMJs that have
a typical line-profile shape in the Ca ii 8542 Å line (as is de-
scribed and documented in Drews & Rouppe van der Voort
2017), as these were assumed to be a general identifying fea-
ture of PMJs. As such, PMJs are assumed to exhibit a signal and
typical Ca ii 8542 Å line profiles in the vast majority of cases,
and we further assume that PMJs that do not exhibit such typical
profiles are either rare or cannot truly be classified as PMJs, as
these profiles are a firmly established feature of PMJs. In some
detected cases, Ca ii 8542 Å profiles are subdued or absent, but
the corresponding PMJs were still included as long as they oth-
erwise appeared typical, visually speaking.
We justify the above in that we canonically consider PMJs
to be primarily chromospheric features, as they would otherwise
be indistinguishable from bright dots, for example, and a delin-
eating definition is therefore necessary. In Samanta et al. 2017,
a causal connection between TR bright dots and PMJs is pro-
posed. Whether or not bright dots may cause or be linked to
PMJs should have no bearing on whether PMJs are canonically
required to exhibit a signal in the chromosphere, since the lack
of signal in the chromosphere for a ‘PMJ’ would imply that it is
a bright dot instead.
Cross-examining and identifying potential PMJs in the dif-
ferent channels, but considering the known and well-described
PMJ signatures in the Ca ii 8542 Å line, then led to the final
selection of PMJs used in further analyses. Selected PMJs were
necessarily restricted to those that intersected IRIS slit-positions,
so that we could study their spectra. The spectral signatures of
these events were investigated in a wide range of lines. With
CRISP, we obtained spectral profiles in the Ca ii 8542 Å and Hα
lines. With IRIS, we obtained spectra of the Mg ii h & k and
the wavelength region between them, which encloses two of the
Mg ii triplet lines. Further, we obtained spectra of C ii 1334 Å
and 1335 Å as well as Si iv 1394 Å and 1403 Å. Specific pixel-
positions along the raster-slit positions for the IRIS lines and at
suitable pixel positions for the CRISP Ca ii 8542 Å line were
selected; the aim being to find the positions with the greatest
observed response for each line at the approximate time of max-
imum intensity throughout all channels for all selected PMJs.
Each pixel position in each individual channel was selected at a
time that was closest in time to the other different sample posi-
tions in the other channels, subject to the limitations due to the
differences in cadences and exposure times.
Each PMJ was sampled at four different spatial sampling po-
sitions, corresponding to the enumerated spectral lines and PMJ
parts below. The PMJ parts are described in reference to when
they were viewed in all channels (or their composite RGB im-
ages). The sampling positions corresponding to different spectral
lines and distinct PMJ parts are the following:
1. the blue wing of the Ca ii 8542 Å line, corresponding to the
chromospheric PMJ footpoint;
2. the Mg ii h & k lines (and the two Mg ii triplet lines and an ad-
jacent Fe ii line), corresponding to the mid-point of the PMJ;
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3. the C ii 1334 Å and 1335 Å lines, corresponding to the tail-
end of the PMJ; and
4. the Si iv 1394 Å and 1403 Å lines, also corresponding to the
tail-end of the PMJ.
As mentioned, all of these positions were chosen to max-
imise the overall spectral line enhancement in each of the rele-
vant wavelength regions and spectral lines. As such, for the se-
lected positions in the IRIS channels, these do not need nor do
they frequently correspond to the brightest pixel positions in cor-
responding IRIS slitjaw images. This is not only due to the posi-
tions being limited to the spectral line-raster positions, but also
because the slitjaw images correspond to the wide-band wave-
length regions of the relevant channels, and finally because the
images are also offset in time to the raster samplings (see Sect.
2).
We also obtained spectral line profiles from two additional
sampling positions by utilising our CRISP observations. We
sampled one of these in Ca ii 8542 Å and one in Hα. These sam-
pling positions correspond to dark features in the wings of these
two lines that can be found adjacent to the main bright feature
identifying PMJs in Ca ii 8542 Å. All spectral profiles for both
Ca ii 8542 Å and Hα were drawn from CRISP observations that
were downsampled to match the lower pixel scale of the IRIS
slitjaw images in order to select appropriate positions concurrent
with the slitjaw-selected IRIS-channel positions.
After initial identifications, the spectral signatures of PMJs
through time at different positions were investigated. Our spec-
tral analysis includes (among others) the detection of the wave-
length positions of peaks and minima in those lines where rele-
vant, and this was followed by the computation of inferred val-
ues, such as peak separations, ratios between the intensities of
peaks, and others.
The different diagnostics are described in Sect. 4 in the vari-
ous subsections in which they are presented. The temporal evolu-
tion of PMJs was studied in a predominantly qualitative fashion.
The approximately 40 second cadence of each individual slit-
position of the IRIS raster spectrograph makes a detailed study
of behaviour in time tenuous at best, but it does allow for gener-
alised statements about the behaviour across different channels
and therefore associated heights in the solar atmosphere.
4. Results
This section is organised as follows. We begin by presenting an
overview of the detected PMJs in both of our sets of observa-
tions in Sect. 4.1. Here we point to the general appearance of
the sampled PMJs and in which diagnostic channels and with
what instruments they are detectable, and we present their gen-
eral appearance in different spectral lines. We also present the
first-order signals of the PMJs in all our diagnostics, meaning
their visual appearance in images and their appearance in indi-
vidual spectral lines as detected by our different instruments. We
also present average spectral line profiles for all of our PMJs.
Here, we also present size estimates for our PMJ events.
In Sect. 4.2 through 4.7, we then present the specific be-
haviour in particular spectral lines and wavelengths, as well as
the second order diagnostic values inferred from signals in spe-
cific spectral lines. These second-order values consist of line pro-
file peak positions, peak separations, line-intensity ratios, and
more. We present them where relevant for all of our detected
PMJs. Here we also present inferred physical conditions in the
solar atmosphere at the site of our studied PMJs as estimated
from the second-order diagnostic values.
The sections pertaining to the spectral line analysis of the
IRIS line profiles lean heavily on the work presented in the se-
ries of papers on The Formation of IRIS Diagnostics, and more
specifically the papers dealing with the formation and the anal-
ysis of the Mg ii h, k, the nearby triplet lines (Leenaarts et al.
2013a,b; Pereira et al. 2015), and the C ii 1334 Å and 1335 Å
lines (Rathore & Carlsson 2015; Rathore et al. 2015a).
After spectral analysis of our PMJs, we performed three
more general analyses, which are presented separately. In Sect.
4.8 we present our investigation of dark features observed in the
inner line-wings of the Hα line linked to PMJs (first observed
in Buehler et al. (2019)), which we link to similar darkenings in
the inner line wings of the Ca ii 8542 Å line. We further link the
darkenings at these wavelengths to the brightenings observed in
the Mg ii line pair. In Sect. 4.9 we investigate the possibility of
twisting in PMJs utilising the Mg ii h & k lines using Doppler
maps and bisectors. Finally, in Sect. 4.10 we perform a quali-
tative analysis of the temporal behaviour of our studied PMJs
through time across different spectral lines.
4.1. Overview of detected PMJs
A total of 77 PMJs were detected and found suitable for investi-
gation. Dataset A consists of 33 PMJs, and dataset B is made
up of 44 PMJs. The locations of all detected PMJs and their
primary sampling positions in four of our studied channels are
shown in Figs. 2 and 3 for datasets A and B, respectively. Only
the sampling positions for the Ca ii 8542 Å line, the shared po-
sition for the Mg ii lines, and the position for the Si iv lines are
shown explicitly for clarity. These positions are representative
of the extent of the main body of the investigated PMJs through
the different image-channels as these positions usually lie at the
foot, midpoint, and terminus of any given PMJ. Also the regions
for which we computed the mean spectral profiles of the penum-
bra for different channels are shown. We find PMJs in both the
upper and lower portions of the sunspot where these regions are
covered by the IRIS raster. For both datasets, we can see a loose
trend of PMJs clustering in so-called hot spots, which is a trend
previously described by Tiwari et al. (2016), Drews & Rouppe
van der Voort (2017), and Esteban Pozuelo et al. (2019). As can
be seen in Figs. 2 and 3, for both dates of observations, there
are two clusters of PMJs to the left and right in both the upper
and lower parts of the sunspot. The trend is more clearly visi-
ble for dataset B, which is likely due to the higher number of
studied PMJs in these observations. The different clusters seem
to persist in the sunspot between the two different dates, at least
to some degree. This reaffirms the clustered appearance of PMJs
in such hot-spots. However, there is a necessary selection bias
towards PMJs situated in the region covered by the IRIS raster,
as only those PMJs that were caught along most of their length
by the raster were selected for investigation. Especially for the
lower portion of the sunspot for both dates, this creates a pref-
erence for PMJs on the left side of the raster space, as the fibril
direction trends from left to right in this area. PMJs typically
align roughly with the underlying fibrilar structure, and as such
the heads of PMJs lie to the right in the present observations,
making the selection of PMJs with footpoints on the left side of
the raster region more likely.
4.1.1. Videos of PMJ diagnostics
In order to facilitate a holistic overview of individual PMJs using
all major first-order diagnostics and their temporal evolution, we
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Fig. 2: Cropped field of view of AR12533 on April 29, 2016 (dataset
A), showing sampling positions for all PMJs studied on this date. Obser-
vations of (top) the SST Ca ii 8542 Å line at an offset of −350 mÅ, (bot-
tom left) the IRIS SJI Mg ii k line image, and (bottom right) the IRIS SJI
Si iv line image are shown. Symbols mark a subset of all the sampling
positions for analysis of spectral line profiles. Red cross: Ca ii 8542 Å;
green diamond: the Mg ii k, h, and triplet lines; and blue triangle: Si iv
1394 Å and 1403 Å lines. The raster-slit positions (of one-pixel width)
of the IRIS slit-spectrograph are indicated and enclosed in each panel
with purple-dashed lines. The mean spectral profiles for the penumbra
in the IRIS lines were calculated in the yellow dash marked raster-slit
areas. Penumbra mean spectral profiles in the CRISP lines were com-
puted within the red dashed box.
created two sets of videos for each dataset that show individual
PMJs. Two videos show each PMJ in both datasets at their peak
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Fig. 3: Cropped field of view of AR12533 on April 30, 2016 (dataset
B), showing positions for all PMJs studied on this date. The layout is
identical to that of Fig. 2, see its caption for details.
brightness, while the second set shows all PMJs through time for
both datasets.
The videos showing all PMJs at only peak brightness for
dataset A and B are available in Video 1 and Video 2, respec-
tively. The videos detailing the temporal evolution of PMJs in
dataset A and B are available in Video 3 and Video 4, respec-
tively.
A more detailed description of these videos and their layout
is given in Appendix B. We strongly encourage readers to view
at least videos 1 and 2 for an overview of all PMJs. Videos 3 and
4 are useful in order to gain an overview of the temporal evo-
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lution of specific PMJs. We also particularly suggest inspecting
the example PMJs mentioned in the text.
4.1.2. Visual appearance of PMJs
PMJs in our observations adhere to the same type of morphol-
ogy as when previously studied in a variety of works, and they
present as elongated brightenings that appear and disappear on
time scales of minutes or less than a minute. This overall ap-
pearance also holds true when PMJs are viewed in multiple
wavelength channels simultaneously. As mentioned, PMJs of-
ten display a rainbow-like signature in composite-channel RGB
images, which was used as another aid both in discovering and
identifying PMJs, but it was not used as a strict criterion in order
to make a positive identification. Figures 4 and 5 display all of
the studied PMJs in composite RGB images for datasets A and
B, respectively. Many PMJs exhibit a rainbow signature with a
connected red-to-green-to-blue elongated structure that reaffirms
the observation that PMJs typically exhibit a signal in chan-
nels associated with temperatures that correspond to the chro-
mosphere and up to the TR, suggesting that PMJs range through
such temperatures.
PMJs do not always exhibit a clear rainbow pattern. In some
instances, this is due to the PMJ in question, which simply does
not exhibit a signal in the relevant channel. Positing that a PMJ
originates in the chromosphere (the validity of which is dis-
cussed in Sect. 5), less energetic ones may not reach the rele-
vant temperature (or height) to which the channel corresponds.
In other cases, it is due to a failure in capturing the relevant sig-
nal. Another source for absent rainbow patterns may result from
the automated mixing in the RGB image resulting from the three
diagnostic images, which may not always yield favourable vi-
sual results. Lastly, in several images, the shadow of the IRIS
spectrograph slit is also evident, usually as a purplish line in the
images, and it may obscure possible rainbow patterns. Despite a
number of PMJs that do not exhibit a rainbow pattern, a major-
ity of the detected PMJs can reasonably be said to display such
a pattern for both our dates of observations.
4.1.3. PMJ sizes
We measured a lower bound on PMJs lengths that are based on
two sets of sampling positions. The first is the sampling posi-
tion of Ca ii 8542 Å and the second is the sampling position of
the Si iv lines. The inferred lengths are the straight-line distances
between these two sampling positions for any given PMJ. These
sampling positions are located at the nominal peak-intensity pix-
els at the nominal peak-intensity time. As such, the sampling
positions do not measure the maximum extents of our PMJs, as
there is often still some appreciable signal away from the given
peak-intensity pixel. However, Si iv line core intensities typi-
cally dropped dramatically with increased pixel distance from
the peak-intensity pixel. Ultimately, the presented lengths must
therefore be considered a lower bound on projected PMJ lengths
when measured from the chromosphere to the TR. See both the
overview in Figures 2 and 3 and the PMJ RGB-images in Figs.
4 and 5 for reference.
The mean lower-bound lengths with associated standard de-
viations for our studied PMJs were found to be (2204 ± 195.0)
km and (1940 ± 138.2) km for datasets A and B, respectively.
Multi-channel PMJ width estimates necessitate measure-
ments in IRIS SJI 2796 images since PMJs usually display their
midsection in this channel. However, widths of most PMJs fell
A0 A1 A2 A3
A4 A5 A6 A7
A8 A9 A10 A11
A12 A13 A14 A15
A16 A17 A18 A19
A20 A21 A22 A23
A24 A25 A26 A27
A28 A29 A30 A31
A32
Fig. 4: All PMJs from dataset A. Each panel highlights one PMJ at ap-
proximately peak intensity. The field of view for each panel is 7 arcsec-
onds along the x- and y-axis and is centred on each PMJ displayed. The
panels display colour composite images produced from Ca ii 8542 Å at
an offset of −350 mÅ and the IRIS SJI images in the Mg ii and Si iv
lines, which are coded to the colours red, green, and blue, respectively.
Sampling positions for the analysis of the different spectral lines are
indicated. Plus-sign: Ca ii 8542 Å; diamond: the Mg ii k, h, and triplet
lines; square: C ii 1334 Å and 1335 Å; and triangle: Si iv 1394 Å and
1403 Å. The raster-slit positions (of one-pixel width) of the IRIS slit-
spectrograph are indicated and enclosed in each panel with black-dotted
lines.
close to the pixel resolution of the Mg ii SJI images, typically
of the order of 1-3 pixels, meaning potential width distributions
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B0 B1 B2 B3
B4 B5 B6 B7
B8 B9 B10 B11
B12 B13 B14 B15
B16 B17 B18 B19
B20 B21 B22 B23
B24 B25 B26 B27
B28 B29 B30 B31
B32 B33 B34 B35
B36 B37 B38 B39
B40 B41 B42 B43
Fig. 5: All PMJs from dataset B. The layout is identical to that of Fig.
4, see its caption for details.
would be of dubious value at best. We thus constrain ourselves
Table 1: Number of occurrences of distinct PMJ signal in dif-
ferent spectral lines.
Dataset A, Ntotal = 33
Spectral line(s) N %
Ca ii 8542 Å 29 (88%)
Mg ii h & k 32 (97%)
Wings of Mg ii 2798.75 Å & 2798.82 Å
Triplet Blend 7 (21%)
C ii 1334 Å & 1335 Å 23 (70%)
Si iv 1394 Å & 1403 Å 25 (76%)
Dataset B, Ntotal = 44
Spectral line(s) N %
Ca ii 8542 Å 40 (91%)
Mg ii h & k 42 (95%)
Wings of Mg ii 2798.75 Å & 2798.82 Å
Triplet Blend 5 (11%)
C ii 1334 Å & 1335 Å 32 (73%)
Si iv 1394 Å & 1403 Å 37 (84%)
to the observation that our PMJs have typical widths of 243 km
- 729 km, corresponding to the widths of 1 - 3 pixels in the Mg ii
SJI images.
4.1.4. Overview of PMJ responses in different spectral lines
Figures 6 and 7 show spectral profiles for all of our studied
PMJs. The average event profiles and average profiles for the
penumbra and the entire FOV for each date observation for all
given lines are also shown. We note that Hα line profiles for PMJ
dark features are presented separately in Sect. 4.8.
PMJs may exhibit signals in all of the lines. However, the
studied PMJs display enhancement more readily in some of the
lines than in others.
The figures highlight that there is a large spread in the pro-
files for all channels, but for both datasets it is evident that PMJs
often display strong signals in the Ca ii 8542 Å and the Mg ii
h and k lines compared to the penumbral average, while en-
hancement in other lines is somewhat less common, especially
the Mg ii triplet lines. We note that C ii 1334 Å & 1335 Å typi-
cally exhibit double peaks when in emission, but also some sin-
gle peaks. When in emission, the Si iv 1394 Å & 1403 Å lines
always present as single peaked and near-Gaussian.
There exists one example of a PMJ exhibiting enhancement
in the O iv 1401 Å line in dataset B (see Fig. 7). This event also
corresponds to the strongest event in terms of intensity for the
Si iv lines, and with very defined profiles with strong intensities
for the other lines (but with no emission in the Mg ii triplet).
This may indicate that the specific PMJ event may be heated to
temperatures far beyond earlier observed examples. This specific
PMJ is presented in Sect. 4.7, albeit briefly, as a single event
should not be overanalysed nor overemphasised.
Table 1 summarises the number of PMJs that exhibit clear
signals in the various channels studied. A clear signal means
that a given line profile shows an enhancement when compared
to nearby pixels in space and time, and it is thus based not only
on a comparison to the penumbral average for a given line since
profile intensities can vary substantially with regards to position
throughout the sunspot. This investigation was performed visu-
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Fig. 6: Spectral signatures of PMJs and reference average profiles in various spectral ranges from dataset A. The number of PMJ events is N =
33. Shown in panels left to right and top to bottom are profiles of the Ca ii 8542 Å line, the Mg ii k and h lines, the Mg ii triplet, the C ii 1334 Å and
1335 Å lines, and the Si iv 1394 Å and 1403 Å lines. Each panel is also labelled with the relevant profile name and the symbol that each spectral
line is associated with when plotting the position from which the profile is sampled in other figures (see for instance Figures 4 and 5). Furthermore,
the spectral position of the O iv 1401 Å line in the panel of the Si iv 1403 Å line is also indicated by a vertical dash-dotted line. The different line
styles in the panels, which are associated with the different spectral lines mentioned, indicate the different individual and average line profile and
denote the following: grey solid lines, the line profiles of all individual PMJs detected in the observations; black solid line, the average profile
of all detected PMJs; green-dotted line, the average line profile across all pixels in the observations; and green-dash-dotted line, the average line
profile in the penumbra of AR12533. For all studied PMJ profiles, the mean positions of line core positions (vertical solid green lines) and those
of red peaks (vertical solid red lines) or blue peaks (vertical solid blue lines) for those spectral lines where relevant are also marked in each panel.
Table 2: Ca ii 8542 Å line diagnostic values for our studied PMJs.
Dataset line core offset blue peak offset red peak offset
[km/s] [km/s] [km/s]
A, N = 33 −0.17 ± 0.00 (N=33) −14.80 ± 0.02 (N=16) 14.55 ± 0.03 (N=12)
B, N = 44 0.81 ± 0.00 (N=44) −12.93 ± 0.01 (N=20) 15.78 ± 0.02 (N=15)
ally to give an estimate of the PMJ signal frequency in the dif-
ferent channels.
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Fig. 7: Spectral signatures of PMJs and reference average profiles in various spectral ranges from dataset B. The number of PMJ events is N =
44. The layout is identical to that of Figure 6, see its caption for details.
4.2. PMJs in the Ca ii 8542 Å line
PMJs have been described in the Ca ii 8542 Å line in the liter-
ature by Reardon et al. (2013), Drews & Rouppe van der Voort
(2017), Vissers et al. (2015), Esteban Pozuelo et al. (2019), and
Buehler et al. (2019). We investigated the line-core position and
the positions of any present peaks in the Ca ii 8542 Å line for
all of our investigated PMJs. In order to do this, we employed
a simple spline interpolation of the line profiles, followed by an
approach in which subsections of the profile were iteratively in-
spected for local peaks and minimums. This process is akin to
the one previously employed in Drews & Rouppe van der Voort
(2017). This approach always identifies line cores and those in-
ner line wing enhancements that have clear peaks. Inner line
wing enhancements that are merely somewhat enhanced com-
pared to the average penumbral Ca ii 8542 Å line profile and that
may be discernible by eye were not selected. A consistent way
to select offset positions for these is non-trivial, and we chose to
focus on the cases where the enhancements correspond to clear
peaks to avoid ambiguity.
The values for line core positions as well as the blue and red
peak positions are tabulated in Table 2. The average values are
given together with the respective sample sizes. It is important
to note that the number of line core and peak positions does not
necessarily match the number of PMJs for each category; espe-
cially identifiable peaks are not present for all PMJs. Also, we
note that the given uncertainties are standard errors, which are
based solely on the sample sizes and the standard deviations of
the PMJ subsets, rather than instrumental or noise-based uncer-
tainties, as these are expected to be subsumed by the former.
For both sets of observations, the appearance of our PMJ
Ca ii 8542 Å line profiles is, in general, in agreement with those
in the literature. The average profiles for both dates are enhanced
in both the line core as well as the inner blue and red line core
compared to the penumbral average. See Figs. 6 and 7 again.
The average Ca ii 8542 Å PMJ line profiles exhibit the distinct
blue-over-red asymmetry in the inner line core, which is seen
the most distinctly for dataset A, and in general there are more
distinct blue peaks that are distinguishable in individual pro-
files. The latter can be seen from the sample sizes for the au-
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tomatically detected blue and red peak positions cited in Table
1. The overabundance of blue peaks over red peaks is especially
in good agreement with the statistical study performed in Drews
& Rouppe van der Voort (2017).
The specific values (see Table 2) for the line core and the blue
and red peak offsets for the PMJ line profiles are also in general
agreement with the literature. The line core Doppler offsets are
close to zero, and there is less than 1 km s−1 of apparent shift
from the nominal line core for both days of observation. The blue
and red peak offsets are found at near-equal positions on the blue
and red side of the line core for both dates of observations. The
values found for these positions are also in general agreement
with the values found for the large dataset of automatically de-
tected PMJs in Drews & Rouppe van der Voort (2017). Here the
average line core, blue- and red-peak offsets in the Ca ii 8542 Å
line were found to be 0.16 km s−1, −12.12 km s−1 and 11.95
km s−1 respectively1.
4.3. PMJs in the Mg ii h & k line pair
We have presented the average spectral profiles in the Mg ii line
pair for our two sets of PMJ observations in Figs. 6 and 7. In
general, PMJs do not exhibit distinct features other than the dou-
ble peak structure, which is typical for both lines in penum-
brae, though they do exhibit a marked increase in average peak-
intensities compared to the average Mg ii line pair profile of the
sunspot penumbra in the observations of both dates. Values for
the various diagnostics are given in Table 3.
4.3.1. Mg ii h & k line core shifts
The line core shifts of the Mg ii h & k lines, ∆vk3 and ∆vh3, both
strongly correlate with the line of sight velocity at the formation
height of the h3 and k3 features at optical depth unity. The cor-
relation coeffiecient was shown to be close to unity in Leenaarts
et al. (2013b), and these shifts therefore hold great immediate
diagnostic value and constitute the most reliable of the Mg ii di-
agnostics, probing either PMJs or the atmospheric conditions in
their immediate surroundings. The height of optical depth unity
for both h3 and k3 is close to that of the very upper chromo-
sphere, and the Doppler-velocity offsets of the h3 and k3 features
can therefore be taken as diagnostic proxies for the line of sight
velocities at this height. Table 3 gives the Doppler-velocity off-
sets of the h3 and k3 features for our sample positions in the Mg ii
h & k lines for our detected PMJs for both our sets of observa-
tions. The measured values are consistent across all four given
values, and they are all close to zero with an absolute value range
≤ 0.97 km s−1.
4.3.2. Mg ii h & k line peak separations
We define the peak separations of the Mg ii h & k line as the
absolute sum of the Doppler shifts of the two peaks in each
Mg ii line, |∆vx2v| + |∆vx2r| (where ‘x’ may be k or h). Leenaarts
et al. (2013b) and Pereira et al. (2013) show that this quantity
correlates with the difference between the maximum and mini-
mum of the atmospheric line of sight velocity between the mid-
chromospheric formation heights of the peaks and heights above.
1 These values were corrected for a conversion error in Drews &
Rouppe van der Voort (2017) that stemmed from a wrong constant in
a programming routine that converted values from units of Ångstrom to
km s−1. As given here, they also follow the sign convention in this paper
that negative values are on the blue side of the line-core.
The relation is less reliable than the previous diagnostics, with
an average correlation coefficient of 0.57, which was inferred
for the two lines. Further, it was shown that a temperature maxi-
mum in the lower chromosphere can also cause wider peak sep-
arations, which means that a discussion regarding this diagnostic
must be more nuanced, especially given that PMJs are energetic
events that are hypothesised to form in the chromosphere. Table
3 gives the peak separations for the h & k line of our Mg ii sample
positions of our detected PMJs for both dates of observations.
All values for the peak separations for both dates are rather
consistent, with values slightly higher for the k line than for the h
line for both dates of observations, and the separations are over-
all higher for the observations of dataset B. Overall, the peak sep-
aration values are of the order of ≈ 30 km s−1. This may indicate
a maximum velocity difference between the mid-chromosphere
and above in this range, assuming there is no temperature max-
imum in the lower chromosphere. This assumption, however, is
challenged in Sect. 5 due to other diagnostics indicating that
there may indeed exist such a temperature maximum.
4.3.3. Mg ii h2 & k2 peak shifts
Leenaarts et al. (2013b) and Pereira et al. (2013) show that the
average Doppler shifts of the Mg ii h2 and k2 peaks correlate with
the line of sight velocity at the optical depth τ = 1 height for the
peaks in each line. Further, the h2 and k2 peaks are shown to form
in the mid-chromosphere, about 1 Mm below their line cores (h3
and k3). The average Doppler shifts of the peaks thus correlate
to the line of sight velocity at this height. The average of the
correlation coefficients between average peak Doppler shifts for
the two lines and the line of sight velocity at their formation
heights is 0.66, and thus this diagnostic is somewhat less reliable
than the one for the line core Doppler shifts, but it still provides
a strong correlation.
From Table 3 we see that the averaged peak Doppler shifts
are all close to zero km s−1 in magnitude; the majority of which
are negative, indicating an upflow. With standard errors included,
we find the very small upper absolute value of ≤ 0.49 km s−1 for
the average peak Doppler shifts across all PMJs. Overall, neg-
ative values may indicate a possible subtle upflow in the lower
chromosphere, though in which case it is close to zero in value.
4.4. PMJs in the Mg ii triplet region
The Mg ii triplet spectral lines are located at wavelength posi-
tions 2798.75 Å, 2798.82 Å, and 2791.60 Å and provide diag-
nostics on the lower chromosphere and the photosphere. Unfor-
tunately the 2791.60 Å position was not covered by our IRIS ob-
servations, and its response could therefore not be studied. The
two triplet lines at 2798.75 Å and 2798.82 Å are not distinguish-
able as separate lines with the resolution of IRIS, and therefore
they appear as a blend. We refer to this blended line as the triplet
blend going forward. We studied the response of the Mg ii triplet
blend for our PMJ events and present our findings below.
Pereira et al. (2015) found that emission in the Mg ii triplet
blend line core is associated with a steep temperature increase in
the lower chromosphere. It was found that the Mg ii triplet blend
typically appeared in emission when there was an increase in
temperature of more than 1500 K in the lower chromosphere. In
the case that heating occurs deeper down in the atmosphere, at
photospheric heights, it was found that typically only the wings
of the Mg ii triplet blend are enhanced whilst the core itself does
not exhibit emission. To our knowledge, PMJs have not been
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Table 3: Mean values and standard errors for different line diagnostics of the
Mg ii h & k lines for detected PMJs from datasets A and B.
Dataset/ Core offseta Peaka Avg. Dopplera
line separation shift
∆vx3 (|∆vx2v| + |∆vx2r|) 12 (∆vx2v + ∆vx2r)
[km s−1] [km s−1] [km s−1]
A (N = 33)
Mg ii k 0.47 ± 0.25 33.14 ± 0.35 −0.02 ± 0.18
Mg ii h 0.19 ± 0.25 31.25 ± 0.36 −0.23 ± 0.18
B (N = 44)
Mg ii k 0.65 ± 0.32 34.16 ± 0.51 0.08 ± 0.26
Mg ii h 0.36 ± 0.32 32.39 ± 0.44 −0.27 ± 0.22
a Where ‘x’ in the formulae may be k or h, as relevant for the given
row.
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Fig. 8: PMJ profiles in the wavelength region between the Mg ii h & k lines for datasets A (left) and B (right). All PMJ profiles that were sampled
at sampling positions given in Figure 2 and 3 are shown (marked with green diamond symbols), coinciding with the Mg ii h & k sampling positions.
We show all individual profiles (grey solid line) together with those profiles that were identified to show emission in the triplet blend wings (green
solid line). The mean profiles for all PMJ profiles (black solid line), the penumbra (yellow solid line), and the full field of view (yellow-dotted
line) are also shown.
previously shown to exhibit intensity enhancement in any of the
Mg ii triplet lines. We do not find any PMJs for which we see
emission in the core of the triplet blend line, but we do find mul-
tiple occurrences of emission in its wings, indicating heating at
photospheric heights.
The number of PMJs that show significant emission in the
Mg ii triplet blend wings as determined by eye are tallied in Table
1, as presented previously. For reference purposes, Fig. 8 shows
an overview of PMJ profiles in the wavelength region between
the Mg ii h & k lines. Clear emission in the triplet blend wings is
evident for several PMJs in the different wavelength positions.
These events are indicated and correspond to those tallied in
Table 1. It must be noted that profiles with enhanced wings in
the triplet blend were selected by comparing the wings with the
overall intensity of the wavelength region for each given PMJ.
As can be seen in Fig. 8, the profiles of PMJs cover a rather
large intensity range. Absolute intensities in PMJs selected as
showing an enhancement in the triplet blend wings may in some
cases have lower intensity in these positions than other PMJs that
were not selected. However, the overall intensity of the spectral
range between the Mg ii k and h lines can vary quite substan-
tially, which may often be attributable to far-wing emission from
these two lines. As such, only profiles that show clear enhance-
ment in the triplet blend wings as compared to the surrounding
emission were selected, and they were not selected solely on a
criteria of absolute intensity levels. We therefore also encourage
the reader to specifically inspect the triplet blend plots for indi-
vidual PMJs in the peak brightness PMJ videos for both dataset
A (Video 1) and B (Video 2), which are included in the online
material. A sample frame, Fig. B.1 with an accompanying cap-
tion, is given in Appendix B. The individual triplet blend plots in
the videos specifically highlight the marked appearance of emis-
sion in the triplet blend wings as compared to its far wings.
We also note that we observe emission in a line adjacent to
the two observed Mg ii triplet lines that is situated at 2797.868
Å. This line lies between the Mg ii triplet blend and the Mg ii
k line and was recently identified as a Fe ii line in Tian et al.
(2015). The identification of this line is uncertain, however
(see Kowalski et al. 2019), and we limit ourselves to reporting
the observation that this line is typically in emission whenever
the wings of the triplet blend are also in emission.
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We computed the mean values of the intensity at the two
Mg ii triplet blend wing positions for each PMJ and normalised
these to the corresponding penumbral mean. The triplet blend
wings are typically mildly enhanced compared to the penum-
bral mean, with normalised mean values close to 1.2 for the
two datasets, with rather Gaussian-like distributions. We see sev-
eral outliers towards higher relative intensities corresponding to
events in which the triplet blend wings are in clear emission.
4.5. PMJs in the C ii line pair
We have presented C ii line pair profiles for all of our detected
PMJs in Figs. 6 and 7. In those cases in which there is an actual
enhancement in the line pairs, the profiles present with a double-
peak profile in the majority of cases. There exist a few select
cases for which we see single-peak profiles. We base our analysis
of the C ii line pair on Rathore & Carlsson (2015), Rathore et al.
(2015a), and Rathore et al. (2015b)
The C ii line pair can, in principle, exhibit quite different
types of line profiles, with both single, double, and more peaks,
and therefore a proper definition of the line core must be estab-
lished that covers these different cases. We define the line core
as in the previously cited papers; for single peaks, we define it as
the local maximum that is close to the nominal line centre and
for double peaks as the local minimum of the intensity reversal
between the two peaks. We do not observe more than two peaks
in our investigated profiles.
For the different diagnostics, we utilise the offset values for
the line core and the positions of blue or red peaks, when these
are present. Our automated method for finding local maxima
and minima usually determines the positions of these profile fea-
tures to a good approximation when validated by eye, although
misidentifications are far more common than for the Mg ii h &
k lines. This is due to the C ii line pair observations being far
noisier than in the Mg ii lines, and because the Mg ii h & k lines
always present with a well-defined double peaked profile for our
sampled PMJs. In contrast, the C ii line pair profiles only ex-
hibit appreciable enhancement in a subset of cases, if at all, and
in these cases, they also suffer from the poorer signal-to-noise
ratio. As such, the diagnostic values inferred from our investi-
gation of the C ii line pair should, in general, be viewed as less
reliable than those for the Mg ii h & k lines. However, given the
appreciable number of PMJs that exhibit clear enhancement, our
mean values for the various diagnostics should still be viewed
as valid for a qualitative interpretation. Further, the fact that we
have observed on two different dates and find similar values for
our diagnostics on the two dates strengthens their validity.
It is worth mentioning that the C ii 1335 Å line is comprised
of a blend of two lines, namely the stronger 1335.708 Å and the
weaker 1335.663 Å component. In general, this means that the
diagnostics presented for the C ii line pair are less reliable for the
C ii 1335 Å line than for the 1334 Å line.
The diagnostics described below were inferred from those
PMJ profiles that have a maximum intensity in the ±50 km s−1
offset region of the nominal line core of the given line that is
equal to or greater than that of the mean profile in the same line
over the entire field of view for the given dataset. This was done
to limit the samples to those profiles which show an enhance-
ment that is actually appreciable as well as to not include values
that are either very distorted by noise or that are altogether spu-
rious. All inferred mean diagnostics values for the investigation
of the C ii line pair for datasets A and B are given in Table 4.
4.5.1. C ii line-pair line core shifts
The line cores of the C ii 1334 Å and 1335 Å are formed approxi-
mately just below the TR (Rathore et al. 2015a), and the line core
offsets of the two lines thus offer a diagnostic to approximate the
line of sight velocity at this height. In Rathore et al. (2015a),
it is shown that for the C ii 1334 Å and 1335 Å lines, there is
a good correlation between the offsets in their line cores to the
vertical velocity at line core formation heights, with correlation
coefficients of 0.69 and 0.63, respectively.
From Table 4, we see that values for the C ii 1334 Å and 1335
Å line core shifts are consistent across the dates of observations,
both having the same sign for each line and being on the same
order of magnitude. The 1334 Å line has a negative line core
offset for both dates, with a maximum absolute value of ≤ 2.81
km s−1 when considering standard errors. The 1335 Å line has
a positive sign for both mean values for the two dates of obser-
vations, with a maximum absolute value of ≤ 6.94 km s−1 when
considering standard errors.
The line core offsets with conflicting signs for the two lines
indicate a low overall line of sight velocity close to the TR that is
less than 7 km s−1 in absolute value. Even though both C ii lines
form close to the TR, the stronger 1335 Å forms slightly higher
than the 1334 Å line. Thus, in principle, the difference in sign
for the core offsets may indicate a small difference in the line of
sight velocity at these slightly different heights.
4.5.2. C ii integrated intensity line-pair ratio and number of
peaks
The integrated intensity ratio of the C ii 1334 Å and 1335 Å lines
can be used as a measure to determine whether it is formed un-
der optically thick or possibly under optically thin conditions.
The line intensity ratio is also correlated to the number of peaks
present in the given profile, and the number of peaks gives in-
sight into the type of source function that produces their line pro-
files. We follow the definition of the integrated line ratio of the
C ii 1334 Å and 1334 Å lines in Rathore & Carlsson (2015), such
that we define the intensity ratio as RI = I1335I1334 . Here, the intensi-
ties I1334 and I1335 are the intensities of the two lines integrated
over the region of ±20 km s−1 around the nominal line core for
each given line. It was shown that this ratio can, in principle, take
any value in the case of optically thick line formation, but it has
the value RI = 1.8 for the case of optically thin line formation.
This means that RI = 1.8 is compatible with optically thin line
formation, but this does not prove it, whilst any other value indi-
cates optically thick line formation. Furthermore, it was shown
in modelling that the value of RI is typically lower for double
peak profiles, with values around 1.4, whilst single peak profiles
have typical values around 1.7 (Rathore et al. 2015a).
Table 4 gives the values of the integrated line-pair ratio for
the two dates of observations in column five together with its
associated standard error. The values are consistent and overlap,
given their standard error and give a range of (1.12 – 1.28). The
values thus indicate optically thick line formation. The values
are also closer to the mean value of RI = 1.4 expected for dou-
ble peak profiles than the one for single peak profiles. This is
congruent with the fact that we find a majority of double peak
profiles when there is enhancement in either of the lines. The
number of single and double peak profiles are given in Table 4.
For all but the case of the C ii 1334 Å line for dataset A, we find
a greater number of double peaks than single peaks when there
is any clear enhancement in the given line.
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Table 4: Average values and their standard errors for different line diagnostics of the C ii line pair for different
groups of PMJs for datasets A and B are given.
Dataset/ Line core Line Line Int. Single Double
line offset width Ratio Peaks Peaks
WFWHM RI = I1335I1334
[km s−1] [km s−1] [ratio] [nr] [nr]
A (N = 33)
C ii 1334 Å −2.14 ± 0.67 (N=22) 31.33 ± 12.63 (N=22) 13 9
C ii 1335 Å 5.20 ± 0.67 (N=18) 41.71 ± 11.30 (N=18) 7 12
C ii line pair 1.20 ± 0.08 (N=18)
B (N = 44)
C ii 1334 Å −0.32 ± 0.95 (N=29) 43.19 ± 14.46 (N=29) 8 21
C ii 1335 Å 6.13 ± 0.81 (N=31) 51.36 ± 16.06 (N=31) 6 25
C ii line pair 1.19 ± 0.07 (N=28)
Single peak profiles in both the C ii 1334 Å and 1335 Å lines
are formed when the source function of the given line increases
monotonically up to the height where the line core has optical
depth unity. Double peak profiles are formed when there is a
local maximum in the source function deeper down in the atmo-
sphere, and if the source function above this local maximum de-
creases in value with increasing height until optical depth unity
for the line core is reached. The C ii 1335 Å line overall tends to
have a higher number of double peaks than its counterpart, since
its line core forms overall a little higher than that of the C ii 1334
Å line, and thus there is a greater likelihood that the 1335 Å line
core forms at a greater height than a potential local maximum
in its source function compared to the 1334 Å line (Rathore &
Carlsson 2015; Rathore et al. 2015a,b). We see the latter effect
exemplified in Table 4, as there is a greater prevalence of double
peaks in the 1335 Å line than for the 1334 Å line for both dates
of observation. Further, as we have a greater number of double
peaks than single peaks overall, we can reasonably conclude for
a majority of cases in which there is an enhancement in the C ii
line pair that there is a local maximum in the source function
below the formation height of the line cores of the two lines.
4.5.3. C ii 1334 Å and 1335 Å line widths
We measured the line widths of C ii 1334 Å and 1335 Å where
the line width for each given line was defined as wFWHM =
2
√
2 ln 2σ, where σ is the standard deviation of a Gaussian, and
thus WFWHM is the full width at half maximum of the same Gaus-
sian. This follows the approach outlined in Rathore & Carlsson
(2015), where it is shown through the use of synthetic profiles
and a model atmosphere that the use of Gaussian fits of C ii 1334
Å and 1335 Å line profiles yield useful estimates for wFWHM us-
ing the Gaussian standard deviations, even in the case that the
two lines are formed under optically thick conditions and when
they exhibit double peaks. The measured wFWHM line widths for
C ii 1334 Å and 1335 Å for datasets A and B are given in Table
4, together with their standard errors.
The line widths of the C ii 1334 Å and 1335 Å lines were
shown to be correlated to the non-thermal velocity at the heights
at which the cores of the two respective lines are formed in
Rathore et al. (2015a). The line width is also determined by
the thermal velocity, but the line width was further shown to be
predominately determined by the non-thermal velocity for line
widths greater than 6 km s−1. Profiles with widths smaller than 6
km s−1 were shown to have dominant optically thin components.
In Sect. 4.5.2, we show that for the case of our observed PMJs,
the line ratios, RI, imply optically thick line formation. For both
dates of our observations and for those PMJ profiles in the C ii
lines that exhibit emission, the line widths exhibit values greater
than 6 km s−1. As such, our measured line widths can be used as
a diagnostic to probe the non-thermal velocity at the formation
heights of the C ii line pair.
To estimate the non-thermal line widths, we used the relation
wnth =
√
w2FWHM + w
2
th + w
2
I .
Here, wnth is the estimate of the non-thermal line width for any
given observed value of wFWHM (given in Table 4), wth is the
thermal line width, and wI is the instrumental line width of IRIS
in the far ultraviolet (FUV) bandwidth. The instrumental width
of IRIS in the FUV is wI = 12.8 mÅ (De Pontieu et al. 2014), or
wI = 5.84 km s−1 for both C ii 1334 Å and 1335 Å.
In order to calculate estimates for wnth, we first computed a
fitting theoretical estimate for wth, for which we used the expres-
sion
wth =
√
8 ln(2)kBTion
mion
.
Here, kB is the Boltzmann constant, Tion is the temperature of the
C ii ion, and mion its mass.
In Rathore et al. (2015a,b) it was found that the C ii lines are
formed mainly in the optically thick regime, as we observe, and
with a mean formation temperature of 10 kK. More specifically,
in Rathore et al. (2015a) it was found that when the source func-
tion for the C ii lines has a peak in the low atmosphere, this leads
to steep emission flanks and a double peak intensity profile. They
show an example of this (their Fig. 17) for which the tempera-
ture in the line forming region is 9.6 kK. Since we see a majority
of double peak profiles and as other results already indicate that
PMJs are due to heating events in the lower atmosphere, a tem-
perature of Tion = 10 kK is thus a reasonable estimate for our
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purposes, and we find a corresponding thermal line width for the
C ii ion of wth = 6.19 km s−1.
Finally, we thus find mean non-thermal line width values
of wnth, 1334, A = 30.2 km s−1 and wnth, 1334, B = 42.3 km s−1
for the 1334 Å line for datasets A and B, respectively, and
wnth, 1335, A = 40.8 km s−1 and wnth, 1335, B = 50.7 km s−1 for the
1335 Å line for datasets A and B, respectively. We refrain from
providing uncertainty values for these non-thermal line widths,
as the assumed formation temperature of Tion alone would render
these dubious at best. As we can see, we find a range of values
for the two lines and datasets of wnth ≈ (30, 51) km s−1. The
non-thermal line widths are also affected by opacity broadening,
which most likely skews them to higher values as typical opacity
broadening values are of the order of 1.2-4 (Rathore et al. 2015a)
due to optically thick line formation and the double peak profiles
that are broader than single peak profiles. Thus, our inferred non-
thermal line width ranges serve as upper limits for non-thermal
velocities in the formation region of the C ii line pair at the upper
chromosphere or just below the TR.
4.6. PMJs in the Si iv line pair
The Si iv 1394 Å and 1403 Å lines provide useful diagnostics
to probe the appearance and behaviour of PMJs in the TR. We
have made use of two specific diagnostics in these lines, namely
their respective line core Doppler offsets (Sect. 4.6.1) and the
line pair intensity ratio of the two lines as well as their basic
profile shape (Sect. 4.6.2). The measured diagnostics for Si iv
line pair for datasets A and B are given in Table 5, together with
their standard errors.
4.6.1. Si iv 1394 Å and 1403 Å line core offsets
The line core offsets of the Si iv 1339 Å and 1403 Å are proxies
for the line of sight velocity at the TR formation height of their
cores. We ascertained the line core offsets of both lines by fitting
PMJ Si iv line profiles with a Gaussian profile and using its cen-
tre as an estimate. The means of these measured line core offsets
for the Si iv line pair with their standard errors and sample sizes
are given in Table 5 for both datasets.
The sampling sizes for both dates and both lines are indica-
tive of the number of profiles in each line for which a Gaussian
profile could be fitted with a Gaussian χ2 goodness-of-fit value
(using the IDL ‘gaussfit’ function) that proved suitable to se-
lect those profiles with large enough intensity enhancements and
with profiles that are well-shaped enough to extract meaningful
line core offsets. For peak-brightness times, these profiles were
then verified by eye. These sample sizes therefore also present
the number of profiles in each case that correspond to events with
visible enhancement in the given Si iv line for the given date.
From Table 5 we see that the mean line core offsets for both
dates and both lines are consistently of positive values, and they
are close to zero. They have a maximum absolute value of ≤ 3.20
km s−1, taking standard errors into consideration. As such, we
find that the line of sight velocity at the site of PMJ signals in
the Si iv line pair at the shared approximate height of line core
formation for the two lines is likely no more than a few km s−1
and may be close to zero given our standard errors.
4.6.2. Si iv 1394 Å and 1403 Å line core intensity ratios and
line morphology
Our Si iv line pair profiles exhibit single peaks and are clearly
Gaussian in shape for those cases in which we observe any ap-
preciable intensity enhancement. The line core intensity ratios
of the Si iv 1394 Å and 1403 Å lines can be utilised to estimate
whether the lines form under optically thick or thin conditions.
We calculated the peak intensity ratios of the Si iv 1394 Å and
1403 Å lines, which are defined such that the ratio is given by
Rcore =
I1394
I1403
. Here, I1394 and I1403 are the instrument-count inten-
sities at the position of the line core of the given line.
Under optically thin conditions, the line core intensity ratio
for the line pair has a value of Rcore = 2, owing to the fact that
the 1394 Å line has an oscillator strength that is twice that of
the 1403 Å line. If the lines form under optically thin conditions,
the 1394 Å should therefore also present twice the absolute in-
tensity in the line core as that of the 1403 Å line. Nonetheless,
line formation under optically thick conditions can also produce
a line ratio of Rcore = 2, and thus this value does not guarantee
optically thin formation, but a significantly lower value than this
does thus preclude thin formation.
We find typical values for Rcore ≈ 2. The average intensity
line core ratio of the two lines is close to two for both datasets,
as shown in Table 5. The range of line core intensity ratios over
both dates is (1.85 − 2.09), taking standard errors into account.
We can thus conclude that the Si iv 1394 Å and 1403 Å line PMJ
profiles may form under optically thin conditions.
4.7. A PMJ in the O iv 1401 Å line
We report a single instance of a PMJ exhibiting a clear inten-
sity enhancement in the O iv 1401 Å line. This line is more com-
monly associated with flaring activity in the TR and has a forma-
tion temperature of around 140, 000 K under equilibrium condi-
tions. It is a diagnostic for lower density plasma than the Si IV
lines and as such, it is remarkable that in at least one instance one
of our PMJ events appears in this spectral line. The PMJ event
in question is dubbed PMJ B21. This event is also our most pro-
nounced PMJ event throughout all of our diagnostics, and it ex-
hibits particularly strong intensity enhancements in most of our
studied spectral lines, and especially so in the Si IV line pair. It
clearly stands out in 7, and we see a single O iv 1401 Å profile
that is clearly enhanced compared to those of other events but
with a rather irregular shape.
We note that the absence of emission in the O iv 1401 Å line
for the remainder of our observed PMJs can be interpreted to
be due to the fact that PMJs are mostly a phenomenon in the
high density, deep solar atmosphere. The formation of the O IV
lines is affected by non-equilibrium ionisation (Olluri et al. 2013;
Martínez-Sykora et al. 2016).
4.8. Concurrent PMJ darkenings in Hα and Ca ii 8542 Å and
their connection to brightenings in Mg ii.
We present observations of darkenings in the inner wings of the
Hα line associated with PMJ brightenings as well as darkenings
in the inner wings of the Ca ii 8542 Å line. Secondly, we present
the spatial relationship between the darkenings in both of these
lines and the PMJ brightening we observe in Mg ii SJ images.
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Table 5: Average values together with their standard errors for different line diagnostics of the Si iv line pair for the
detected PMJs for datasets A and B are given.
Dataset Si iv 1394 Å core-offset [km s−1] Si iv 1403 Å core-offset [km s−1] Rcore = I1394I1403 [ratio]
A (N=33) 0.04 ± 0.77 (N=26) 1.07 ± 1.19 (N=17) 2.00 ± 0.09 (N=29)
B (N=44) 0.89 ± 0.84 (N=35) 2.09 ± 1.11 (N=27) 1.92 ± 0.07 (N=43)
4.8.1. PMJ darkenings in Hα and Ca ii 8542 Å.
PMJs have mostly been studied in the Ca ii lines, and not so much
in the Hα line. Recently, however, Buehler et al. (2019) reported
on PMJs that present with darkenings in Hα images when stud-
ied by eye and are viewed in the inner line core, with accom-
panying Hα line profiles exhibiting subtle decreases in intensity
in the inner line core at sites adjacent to PMJs that are visible
in concurrent Ca ii 8542 Å line observations. We investigated the
appearance of PMJs in Hα and Ca ii 8542 Å images together with
their line profiles at selected locations. We confirm the appear-
ance of dark features in the inner wings of the Hα line associated
with PMJs.
We also report the existence of dark features in the inner
wings of the Ca ii 8542 Å line that strongly correlate spatially
and temporally with those in the inner line wing of the Hα line.
Utilising CRISP images at line core offsets of −400 mÅ and
−350 mÅ in the Hα and Ca ii 8542 Å lines, respectively, we
found elongated dark features that trace the direction of the sur-
rounding penumbral fibril structures and that sit at the origin of
PMJs, preceding and following PMJs in time. We selected sam-
pling positions by eye, targeting dark features for the subset of
PMJs for which we could positively identify them.
Figure 9 shows the temporal evolution of example PMJ
A10. The PMJ is a very clear example of a PMJ that presents
with typical brightening in the Ca ii 8542 Å line at an offset of
−350 mÅ but that also exhibits dark features in both the Hα and
Ca ii 8542 Å inner line wings, which both have their approximate
footpoints at the site where the PMJ bright feature appears.
In the composite images, bright red indicates the presence
of dark Ca ii 8542 Å −350 mÅ features and bright cyan indi-
cates dark Hα −400 mÅ features. Co-spatial dark features in the
two channels appear white when they are combined in their re-
spective composite images. The dark features both precede and
follow the bright feature in the Ca ii 8542 Å line by over 2 min-
utes. In the case of the dark feature visible in the Ca ii 8542 Å
line, it becomes rather obscured at peak enhancement of the
Ca ii 8542 Å bright-feature, and thus it is less identifiable at this
time, which probably made identification less likely in earlier
observations and studies.
PMJ A10 is a particularly clear example of the behaviour
described above. However, we find numerous PMJs in both
datasets for which the same trend of near-cospatial dark fea-
tures in the inner line wings of the Hα and Ca ii 8542 Å lines,
both of which seem to originate at the approximate point of the
Ca ii 8542 Å bright feature, holds true. Typically the dark fea-
tures also precede and follow the bright feature in time in the
other cases. An additional example of this type is included in the
Appendix in Fig. A.1 for the PMJ B21.
We selected all PMJ events for which we could detect dark
features in either or both of the inner line wings of the Hα and
Ca ii 8542 Å lines and determined their spectral profiles in these
lines at the time of maximum brightness for the typical bright
feature that is visible in the Ca ii 8542 Å line. For observations
in the Ca ii 8542 Å line, we selected a number of clear sampling
positions and dark features of Ndark (Ca ii, A) = 25 (= 76%) and
Ndark (Ca ii, B) = 31 (= 70%) for datasets A and B, respectively.
For the Hα line we found a number of equivalent dark features
of Ndark (Hα, A) = 29 (= 88%) and Ndark (Hα, B) = 36 (= 82%)
for datasets A and B, respectively. The percentages are all in
relation to the total number of PMJs detected for each dataset.
We see that a significant majority of PMJs in both lines exhibit
these dark features; there are fewer of them for observations in
Ca ii 8542 Å. This is most likely both due to the Ca ii 8542 Å
PMJ bright features obscuring some of the Ca ii 8542 Å dark
features, as well as a general lower contrast in the Ca ii 8542 Å
observations compared to those in the Hα line. Figure 10 shows
all individual Ca ii 8542 Å and Hα PMJ profiles for these dark
features, together with the PMJ mean profiles of these.
The average PMJ profiles in the Hα line for both dates con-
firm a slight decrease in intensity in the inner line wings of the
studied PMJs, which is consistent with the profiles presented in
Buehler et al. (2019). The average Ca ii 8542 Å line profiles for
our selected dark features show less distinct behaviour, and they
have mean profiles that are overall slightly enhanced compared
to the penumbral mean profile, even though the CRISP images at
an offset of −350 mÅ clearly show features that are darker than
their surroundings. The darkenings found in the images of the in-
ner line wing of the Hα line appear very similar to those as pre-
sented in Buehler et al. (2019). The spectral formation process of
the dark features in the inner ling wings of both the Ca ii 8542 Å
and Hα lines has yet to be explained and warrants further inves-
tigation, possibly in the form of modelling.
Given that PMJs may be caused by reconnection events and
the subsequent heating that takes place in the low chromosphere
or photosphere, one may expect to find enhancement in the outer
wings of the Hα line as observed for Ellerman bombs (see for ex-
ample Rutten et al. (2013)). So far however, we have not found
evidence of any such enhancement in Hα profiles for PMJs. This
can be seen in Fig. 10 for the sampling positions of the inner
wing of the Hα line dark features. The lack of any consistent en-
hancement in the outer wings of Hα compared to the penumbral
and full FOV line profile average may warrant further investiga-
tion in the future, especially in light of evidence for heating at
chromospheric or photospheric heights, such as enhancement in
the Mg ii triplet blend. We conclude that dark structures that pre-
cede and follow the nominally bright PMJ events in time exist in
both the inner line wing of the Hα line as previously reported,
but also in the inner line wing of the Ca ii 8542 Å line.
Article number, page 15 of 26
A&A proofs: manuscript no. penumbral_microjets_multi_diagnostic
 
  
t =
 −
16
3 
s
Ca II 8542 −350 mÅ Hα −400mÅ Combined negatives
 
  
 
  
 
  
t =
  −
81
 s
 
  
 
  
 
  
t =
  −
41
 s
 
  
 
  
 
  
t =
  0
 s
 
  
 
  
 
  
t =
  8
1 
s
 
  
 
  
 
  
t =
  2
03
 s
 
  
 
  
 
  
t =
  4
46
 s
 
  
 
  
Fig. 9: PMJ A10 and associated dark features in CRISP images in
the Ca ii 8542 Å line at offset −350 mÅ (left column), the Hα line at
an offset of −400 mÅ (middle column), and a value-inverted combina-
tion of these (right column), which is shown at indicated time offsets
(time increasing top to bottom). Tick-marks are spaced 1” apart. Time
t = 0 s is when the PMJ achieves maximum brightness at Ca ii 8542 Å
−350 mÅ (marked with a plus sign). The combined image displays (re-
scaled) negatives of the two CRISP images at their respective offsets,
with bright red indicating dark Ca ii 8542 Å −350 mÅ features and
bright cyan indicating dark Hα −400 mÅ features, when dark features
overlap in the two channels, they combine to white in the combined
image. Sample positions used for sampling profiles are indicated as fol-
lows: plus sign, Ca ii 8542 Å line (bright feature); cross, Ca ii 8542 Å
line (dark feature); and asterisk, Hα line (dark feature).
4.8.2. Dark PMJ features in Hα and Ca ii 8542 Å and PMJ
brightenings in Mg ii
Figure 11 shows a selection of PMJs from dataset A that show
clear dark features in the blue wing of the Ca ii 8542 Å line, the
inner blue wing of the Hα line, and that exhibit clear bright-
enings in IRIS Mg ii SJ images, together with an amalgamation
RGB image that combines these three channels. The RGB im-
age uses the intensity-inverted SST images for the Ca ii 8542 Å
(red) and Hα (blue) channels. As such, darkenings yield brighter
colours for these two channels. The concurrent darkenings in the
two channels that overlap with brightenings in the Mg ii SJ im-
ages thus tend towards bright (white) values. The figure illus-
trates a clear trend in which the brightening in the chromospheric
Mg ii SJI images overlaps with the darkenings in the Ca ii 8542 Å
and Hα lines. We find that this trend is typical for both datasets
of PMJs and may indicate that these darkenings map to the same
chromospheric object as the brightening in the Mg ii channel.
PMJs from dataset B that were selected following the same cri-
teria as described above are shown in Fig. A.2, which is included
in the Appendix.
4.9. Potential twisting of PMJs from Mg ii h & k
Tiwari et al. (2018) present evidence for the presence of twist-
ing motions in large penumbral jets (LPJs) from an analysis of
Mg ii k line profiles. Tiwari et al. (2016) and Tiwari et al. (2018)
describe LPJs as jets that are, on average, larger than PMJs and
that are found predominantly on the edge of the penumbra. We
do not make a distinction between LPJs and PMJs in our own
work, and many of our PMJs would constitute LPJs under the
working definition in Tiwari et al. (2016). Here we investigate
the presence of twisting motions in our samples of PMJs.
Tiwari et al. (2018) used Mg ii k Dopplergrams to determine
to what degree the observed LPJs exhibit rotation. For an LPJ
that rotates around a central axis and is intersected by an IRIS
raster slit at an angle close to perpendicular, Mg ii k (or h) Dopp-
lergrams should exhibit a blue shift on one side, a red shift on
the opposite side of the LPJ, and little or no shifts at its centre.
Conversely, for the case of an LPJ intersecting a raster slit while
closely aligned along its length, one would expect the possibility
of Dopplergrams in which only a red or a blue shift is visible.
It must be noted that red or blue signals in Dopplergrams are
not necessarily due to true Doppler shifts in the line profiles, and
they may instead be caused by asymmetry in the intensity en-
hancement of the blue and red peaks.
Tiwari et al. (2018) found a significant number of LPJs that
exhibited Doppler shifts going from blue to red (or vice versa) in
the Mg ii k line along the length of the IRIS raster slit (11 total,
65% of all LPJs), and also a significant number that exhibited
only red or blue shifts (6 total, 35% of all LPJs). All LPJs were
observed to exhibit either twisting or a distinct blue or red shift.
We utilised both the Mg ii k and h line in our investigation.
We generated Dopplergrams and bisectors for all of our detected
PMJs in the two lines, not restricting ourselves to any specific
angular alignment between our PMJs and the raster slit which
caught the event. If twisting is present in PMJs, there should be
the possibility of detection of at least one Doppler signal com-
ponent, irrespective of the angle between the PMJ and raster slit,
given that the PMJ is not intersected perfectly along its length.
Tiwari et al. (2018) present one LPJ event that exhibited par-
ticularly strong evidence for rotational motion in the form of a
strong skew of the Mg ii k2 peaks first to red and then to blue
upwards along the slit. We include this event in our analysis as a
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Fig. 10: Spectral signatures of PMJ dark features and reference average profiles in the Ca ii 8542 Å and Hα line from the CRISP instrument for
datasets A and B as indicated. The different line styles for the various Hα line profiles denote the following: grey solid lines, the line profiles of dark
features for PMJs that clearly exhibit such features in the observations; red solid line, spectral profiles of event A10; black solid line, the average
profile of this sample of PMJ dark features; green-dotted line, the average line profile across all pixels in the observations; and green-dash-dotted
line, the average line profile in the penumbra of AR12533.
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Fig. 11: PMJs drawn from dataset A for which dark features in the
Ca ii 8542 Å blue wing (first column) and the Hα inner blue wing (third
column) overlap with brightening in the Mg ii SJI channel (second col-
umn). Tick marks are spaced 1” apart. PMJs are shown at nominal peak
brightness across channels, and each row corresponds to one PMJ with
images across channels at the nearest possible timesteps for different in-
struments, with PMJ identifications indicated for each row on the right.
An RGB image combines the channels (fourth row); the intensity in-
verted channels (bright to dark) of the Ca ii 8542 Å blue wing (red),
inner Hα blue wing (blue), and the Mg ii SJI image (green) are shown.
reference (labelled C0). The event was observed on 2015 August
5, at 16:01:54 UT (see Tiwari et al. (2018) for more details).
We computed Dopplergrams using a simple approach mim-
icking the one employed in Tiwari et al. (2018), with some dif-
ferences. To create Doppler maps for our PMJs (and C0), we
selected spectral positions at offsets of ±40 km s−1 in the Mg ii
k&h lines, subtracting the intensity at the (negative) blue off-
set from that at the (positive) red offset, then we normalised
this value. In Tiwari et al. (2018), the Dopplergrams were con-
structed using offsets at ±50 km s−1 in the Mg ii k line, and
they were then normalised using a constant factor used across
all LPJs. In our observations, our PMJ profiles are on average
somewhat narrower, and thus we opted for a narrower offset-
range. We normalised our intensity differences using an event-
dependent value. We found this necessary as a constant nor-
malisation factor was unsuited to the wide variety of intensity
values observed for different PMJs. Highly energetic PMJs with
high intensities may exhibit deceptively visually striking blue or
red signals in Dopplergrams when intensity differences are nor-
malised by a constant factor that is also used for low-intensity
events. We opted for a normalisation factor that is dependent on
the average peak intensity of a given PMJ Mg ii k or h line pro-
file. For each PMJ event, we computed the mean intensity of
the two peaks present in the given line and subtracted the mean
far-wing intensity. We thus obtained an approximate measure of
the total intensity range for both profiles for any given event,
Ipeak range. We then used the half value of this PMJ- and line-
dependent value to normalise the Doppler-intensity differences
along all other pixels along all raster slits for a given PMJ. Thus,
our normalised intensity Doppler intensity for either Mg ii line is
defined as Idoppler = (I-40 − I+40) /
(
Ipeak-range/2
)
. Here, Idoppler is
the normalised Doppler-intensity difference, and I-40 and I40 are
the intensities at ±40 km s−1and Ipeak range is the scaling inten-
sity described above. A value of one in the Doppler maps thus
corresponds to a relative intensity difference as large as half the
mean peak intensity enhancement of the event, and it indicates
that the blue wing is more enhanced than the red one. A value of
−1 indicates the reciprocal.
It is not always easy to visually identify the extent of the
blue or red shift from Dopplergrams alone and whether rever-
sals along raster slits in profile-types are significant or not. We
therefore also calculated bisectors for the Mg ii h and k lines.
We calculated these for all PMJs along a seven-pixel line along
a given IRIS raster slit, centred on our primary sampling posi-
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Fig. 12: Doppler maps in the Mg ii k & h lines for a selection of PMJ
and LPJ events. The Doppler maps cover all eight IRIS raster-slit posi-
tions along the x-axes and 41 pixels along the y-axis, with the nominal
Mg ii h & k sampling position at the centre of the y-axis. Horizontal
dashed lines enclose the sampling position, and vertical dashed lines
surround the sampling position and the three pixels above and below
it. Maps are labelled with the relevant Mg ii line and event identifiers.
Doppler map values have a range of (−1, 1) with negative values in red,
signifying red enhancement, and positive values in blue, signifying blue
enhancement. The intensity value Idoppler is defined in the text.
tion in the lines. The bisectors were computed by calculating the
interpolated line-offset values in the given Mg ii line at specific
intensity values along both the red and blue slope of the red and
blue peak, respectively, on each side of the central minimum. We
then calculated the mean of the red and blue wing offsets at these
intensities, yielding the values of the bisectors between the outer
red and blue slope of the Mg ii k & h profiles. We calculated the
bisectors up to the intensity of whichever peak of the Mg ii pro-
files was the smallest, and down to an intensity found at an offset
of 100 km s−1. This avoids bisectors trailing off horizontally as
the spectral profiles trend towards the Mg ii wings.
For Dopplergrams all scenarios of twisting should be visu-
ally identifiable by colour. When inspecting bisectors, one would
expect the overall position of the bisectors to shift from red to
blue offsets, or the reciprocal, along the IRIS slit in the case for
twisting. In the case of solitary shifting of intensity towards the
red or blue wings, we would expect the bisectors to exhibit a
consistent shift near the actual Mg ii sampling position and to be
unchanged compared to their typical values for pixel positions
that are further distant along the IRIS slit.
We find that PMJs have a tendency to have an enhanced
blue signal with mean values of Idoppler for dataset A, Mg ii h,
Idoppler, A = 0.13 , and for Mg ii k, Idoppler, A = 0.13. For dataset B,
Mg ii h, Idoppler, B = 0.16, and for Mg ii k, Idoppler, B = 0.15. This is
also reflected visually with most bisector lines falling in the blue,
but only at modest offsets of a few km s−1. Notably, this stands
in contrast to the line-core offsets given in Sect. 4.3 and Table
3, all of which lie in the red although with values < 1 km s−1.
This behaviour is reflective of the dominance of the blue peaks
in both the Mg ii k & h lines, which in a great majority of cases
are more intensive than their red counterparts. This skews both
the Dopplergrams and the bisectors slightly towards the blue in
most cases. We find only a few cases in which our PMJs exhibit
behaviour that is clearly consistent with twisting in which we
see a reversal of blue-to-red or vice versa along the IRIS slit di-
rection. There are more occasions of an isolated and significant
shift of intensity towards the Mg ii line pair wings, but these are
also not ubiquitous.
Figure 12 shows Mg ii k & h line Dopplergrams produced
as described above along all eight IRIS raster slits for the IRIS
observation for events C0, A6, A8, and B43. Figure 13 shows
profiles along the seven pixels centred on the Mg ii sampling po-
sition for the same example PMJs. We show only profiles and bi-
sectors for the Mg ii k line. Bisectors in the Mg ii h are very sim-
ilar to those in the other line due to very similar profile shapes,
although the k line usually exhibits a greater signal and clearer
bisectors.
As reference, in Fig. 12, we clearly observe event C0 to ex-
hibit a transition from red to blue upwards along the IRIS slit, as
first described in Tiwari et al. (2018). We see this in the Mg ii k
line, as first shown in Tiwari et al. (2018), as well as in the Mg ii
h line, first shown here. As a side effect of our event-dependent
intensity normalisation, we also observe a less saturated signal
in our Doppler maps for this event. Event C0’s bisectors shown
in Fig. 13 also show a clear trend in their overall position and
shapes, indicative of a twisting scenario. Here, we go from a bi-
sector with little Doppler shift in either direction at y = −3, to
progressively stronger red-shifted bisectors for y = −2 and y =
−1, to a slight decline in red shift at y = 0, and a strong reversal
in the bisectors mean value at y = 1 towards the blue, with the
bisector at y = 2 being shifted even more towards the blue, and
the bisector at y = 3 again diminishing in overall Doppler signal.
Event A6 and A8 exhibit the visually clearest examples of
Doppler-signal reversals in our Doppler maps in all our observa-
tions, and they are both shown in Fig. 12. The events are located
at near-identical positions in the upper right of our observed
sunspot, which is close to the outer penumbra, and both origi-
nate from the same dataset. Event A6 precedes A8 by only 183
s and as such, the events are most likely an example of the re-
peating behaviour often seen for PMJs and are strongly related.
When observed in the inner blue wing of the Ca ii 8542 Å line,
both PJMs appear to be of a similar size, of the order of around
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Fig. 13: Spectral profiles and their bisectors in the Mg ii k line for a selection of PMJs and an LPJ. Panels from left to right show spectral profiles
and/or bisectors along the relevant IRIS raster slit at y-axis pixel positions from y = −3 to y = 3 (as labelled) with y = 0 being the Mg ii h
& k sampling position of the event. For each given y-pixel position, the top row shows for LPJ event C0 (see text for details) both the Mg ii k
spectral profile and its associated bisector (both black solid lines) together with the mean Mg ii k profile over the entire field of view of event C0’s
observations (black-dashed line). The second row displays only the Mg ii k bisectors (black solid line) of the same event; panels for bisectors with
mean values > | ± 1| km s−1 are marked with a blue (negative value) or a red circle (positive value). The panels below show the same plots only for
selected PMJ events (as labelled on the left), with spectral profiles and bisectors shown together above rows only displaying bisectors. We note that
for the PMJ events, the mean spectral profile (black-dashed line) in the plots is instead the mean PMJ profile of the relevant dataset from which
the event is drawn.
1.5” - 3”, or approximately 1000 - 2000 km. This size is con-
sistent with PMJ sizes, and it sits on the lower end of the LPJs
presented in Tiwari et al. (2018). Both events intersect the IRIS
raster slit at an approximately 45◦ angle. Both events exhibit
a reversal from blue to red upwards along their IRIS slit, with
A6 having a stronger signal than A8, and both exhibiting more
marked intensity shifts in the wings in the Mg ii k line than in
the h line. Overall, both events exhibit much smaller differences
in the shift of their Doppler-intensity difference than C0, as is
evident from their appearance. We note that both events are also
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Table 6: Number of occurrences of twisting and presence
of enhanced blue or red signal for PMJs in dataset A and B.
Dataset(s) Twisting Enhanced Enhanced
[N] Red [N] Blue [N]
A (N = 33) 2 (6%) 1 (3%) 8 (24%)
B (N = 44) 3 (7%) 6 (14%) 13 (30%)
A&B (N = 77) 5 (6%) 7 (9%) 21 (27%)
notable in that they also correspond to the PMJs that exhibit the
strongest signal in the Mg ii triplet positions, although whether
the two behaviours are related is not clear nor investigated. The
bisectors of the two events are also shown in Fig. 13, where A6
again shows a clearer transition of overall blue-shifted Mg ii k
bisectors that trend towards the red from y = −3 to y = 3, and
A8 shows a much more modest transition, but follows the same
trend.
Event B43 is our third-strongest source of evidence for twist-
ing in PMJs. In the Doppler maps given in Fig. 12, the event
shows little clear evidence for a reversal in intensity difference
along the IRIS raster slit, only clearly showing a strong blue in-
tensity difference at and around the PMJ sampling position. In
Fig. 13, however, a clear shift towards the red in the bisector at
y= −3 can be observed, shifting gradually towards blue-shifted
bisectors. In this case, the Doppler map most likely fails to indi-
cate this behaviour due to the overall narrowness of the profile,
which therefore does not exhibit strong intensities at offsets ±40
km s−1, and so it fails to depict the shift of intensity towards
the wings. This serves to demonstrate the diagnostic value of
bisectors in detecting such a signal given the variety of intensity
ranges in the Mg ii line pair. We detect only two additional events
that may show evidence of a transition from blue-to-red or vice
versa along the IRIS slit.
Furthermore, while there are cases of PMJs exhibiting signif-
icant intensity enhancement in the Mg ii line pair profiles towards
either the red or the blue, they are not ubiquitous. We summarise
the number of PMJs that exhibit possible evidence for twisting
and those for PMJs that exhibit only increased enhancement to-
wards the red or blue in either of the lines in Table 6. We find that
for the datasets combined that there are 6% or fewer of the PMJs
that exhibit evidence of twisting, and 9% and 27% that exhibit a
significant red or blue shift, respectively. Again, we see a bias in
a more numerous occurrence of a blue-ward skew in the profiles.
While we are able to detect the profile shape variation in the
Mg ii line pair along the IRIS raster slit that would be indicative
of twisting PMJs, given our discussed diagnostic methods and
the few examples we do find, we conclude that there is only a
small minority of events that in fact exhibit such behaviour. In
the supplementary event-summary videos that depict all PMJs in
dataset A and B through time, we include plots of bisectors for
both the Mg ii k and h line together with corresponding Doppler-
grams for these lines.
We caution against a quantitative interpretation of our Dopp-
lergram signals and bisector-shift values. The shifting of en-
hancement towards either the red or blue wings of the Mg ii lines
measured by these two diagnostics should not be interpreted as
actual velocities. Instead they serve as useful indicators of when
line profiles exhibit appreciable asymmetries towards the blue
or red in the relevant line and away from the nominally undis-
turbed average Dopplergram or bisector values. Such a shift in
enhancement is consistent with what one would expect for mass
velocities in the same direction, but specific values for Doppler
velocities should not be inferred from our diagnostics.
4.10. On the time evolution of PMJs observed in multiple
channels
We perform a qualitative study of the temporal behaviour of the
spectral line samples that are available from our studied PMJs.
The available cadence of the IRIS spectrograph line profiles we
have obtained for select positions of our studied PMJs and which
limits our investigation is ∼ 40 s.
Figure 14 highlights a selection of PMJs from dataset B,
showing timeslices with wavelength along the x-axis and time
along the y-axis for the Ca ii 8542 Å line, the Mg ii h & k lines,
the C ii 1334 Å and 1335 Å lines, and the Si iv 1394 Å and 1403
Å lines. For both datasets, we selected a subset of events with the
criteria that they exhibit easily identifiable signals in both the
chromospheric and TR spectral lines, and that they do so with
clear peaks in intensity in their timeslices. We found the same
general appearance and trends in both dataset A and B. For ref-
erence, the timeslices for dataset A are included in the Appendix
in Fig. A.3.
In inspecting the timeslices of PMJ events, there does not
seem to exist a clear trend of spectral signals preceding each
other. In particular, we do not observe a temporal trend that cor-
relates with what atmospheric temperature that the channels are
usually associated with. This finding is congruent with a scenario
in which PMJs light up across their entire length through mul-
tiple channels in a relatively short amount of time, rather than
becoming apparent at different times in different channels dur-
ing their lifetime.
Samanta et al. (2017) find that PMJs and TR bright dots spa-
tially correlate and that bright dots precede PMJs in time. The
authors suggest that bright dots may map to the site of magnetic
reconnection at a TR temperature and manifest as PMJs further
down in the atmosphere. In the study, half of identified bright dot
events identified in IRIS SJI observations are identified to corre-
late with PMJs that are visible in SOT Ca ii H line images and
IRIS SJI 2796 observations, thus yielding a sample of 90 bright
dot-PMJ linked events. In a large majority of these, the bright
dot events precede the corresponding PMJ events by an average
of 16.0s and in some cases by up to a minute.
Samanta et al. (2017) propose a scenario in which bright dots
are caused by reconnection events at TR temperatures, which in
turn trigger PMJs at lower chromospheric heights. This would
imply that our own PMJ signals in TR-sensitive spectral lines
should precede PMJ signals in chromospheric spectral lines in
at least some cases, and that the inverse should be true in fewer
cases. In our own observations, we would expect to observe this
effect despite the slow cadence of our IRIS spectrograph spectral
line profile observations of ∼ 40 s as we sample PMJs close to
peak enhancements and since Samanta et al. (2017) report that
bright dots usually precede PMJs of the order of 10 s to 1 min.
As noted, we do not find a noticeable effect of this nature in our
observations.
5. Discussion: PMJ origins and evolution
In Sect. 4.8 we show that PMJs are associated with dark features,
not only in the inner line wing of the Hα line as first shown
in Buehler et al. (2019), but also in the inner line wing of the
Ca ii 8542 Å line. We also found that the ‘true’ PMJ comprised
of the bright jet-like feature in the Ca ii 8542 Å line may, to vary-
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Fig. 14: Spectral timeslices for a selection of PMJ events from dataset
B that display clearly visible signals. Each horizontal row corresponds
to a PMJ, marked with its designator to its left. Each column from left to
right is labelled with the appropriate spectral line at its top. Horizontal
dashed lines in each panel indicate the time of nominal peak intensity
of the given PMJ. Each PMJ event is shown for a time of 6 minutes.
ing degrees, obscure its accompanying dark feature in the line
at peak brightness and through its evolution, the jet-like struc-
ture can be seen to extend along the direction of the dark fea-
ture. The dark features in both lines are well-aligned with the
underlying and surrounding fibril structure, and they align to
a large degree with the chromospheric brightenings associated
with PMJs in Mg ii IRIS SJ images. The dark features in both
lines are also typically present both before and after the main
brightening event of the order of seconds to minutes. From this
behaviour, it is reasonable to assume that the PMJ brightenings
in fact develop along a pre-existing fibril structure. As such, this
would be congruous with a scenario in which PMJs evolve out
of a fibril that undergoes heating due to a reconnection event and
lights up along its length as a heating front passes through and
along the fibril with little mass motion actually taking place.
This scenario is also supported by a qualitative summary of
the analysis of the spectral diagnostics, as laid out in Sections
4.2 through 4.6 in which PMJ responses in the Ca ii 8542 Å,
Mg ii h & k lines and the C ii and Si iv line pairs are investigated.
Here, we have found that the values of Doppler offsets and sig-
nals are modest or close to zero. In fact, taken as a whole, both
inferred Doppler-LOS velocities and velocity gradients associ-
ated with all studied atmospheric temperatures are modest, and
they are much lower than earlier reported apparent PMJ veloc-
ities in the literature. This suggests that PMJs do not undergo
significant mass motions. The measured Doppler offsets for all
spectral lines are confounded by the background emission of
the chromosphere and TR that surrounds our PMJs. This means
that Doppler offsets cannot be interpreted as perfectly analogous
to mass flow velocities. However, if PMJs exhibited significant
flow velocities, these should still be discernible in our Doppler
diagnostics.
The study of the time evolution of our PMJs throughout dif-
ferent spectral lines in Sect. 4.10 shows that the times at which
brightenings appear do not differ significantly of the order of our
IRIS raster cadence of ∼ 40 s for the different spectral line sam-
pling positions. This implies that PMJs brighten across all atmo-
spheric temperatures at which they appear concurrently, rather
than moving from lower to higher temperatures, for example.
As noted in Sect. 4.10, however, the limiting IRIS raster cadence
does not permit us to conclude that there is no discrepancy in on-
set times on timescales smaller than ∼ 40 s. Nonetheless, we can
rule out a systematic discrepancy in PMJ onset times through
the different atmospheric channels that points to earlier onset
times in channels associated with either low (chromospheric) or
hight (TR) temperatures of the order of our cadence. Through
the use of inversions with the STiC code (de la Cruz Rodríguez
et al. 2016, 2018) and other analyses of PMJ observations made
using the CRISP and CHROMIS instruments at the SST, Este-
ban Pozuelo et al. (2019) found that PMJs most likely exhibit
only small mass motions. In De Pontieu et al. (2017), advanced
MHD simulations are used to explain the high apparent veloc-
ities observed for spicules in chromospheric and TR channels.
Here, these high apparent velocities are explained by a heating
front that moves along the spicule structure and produces a fast
apparent brightening, which is not due to high velocity mass mo-
tions. Esteban Pozuelo et al. (2019) posit that such a process may
also provide a plausible explanation for the formation of PMJs.
The authors argue that PMJs may be explained by a propaga-
tion of perturbation fronts that originate in the deep photosphere
and then dissipate energy within the PMJ. This was supported
by findings that place temperature increases in the low chromo-
sphere and with inversions showing that PMJs heat up with in-
creasing height.
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The results of Esteban Pozuelo et al. (2019) and our present
investigation also fit with the recent results in Rouppe van der
Voort & Drews (2019), where fast cadence (∼ 1 s) Ca ii H line
observations revealed only modest mass motions for PMJs, but
where it was found that PMJs nonetheless light up along their
lengths over very short timescales along faint but pre-existing
fibrils. The discussion in Rouppe van der Voort & Drews (2019)
also goes into detail in support of the heating-front PMJ sce-
nario first described in Esteban Pozuelo et al. (2019), and we
would like to direct the reader here. Both of these studies and
the fact that they do not find true mass motions are congruent
with our present results discussed above, as well as our findings
that we see emission for some PMJs in the wings of the Mg ii
triplet blend, indicating heating at upper photospheric heights for
at least a subset of PMJs. The latter provides further evidence for
a magnetic reconnection event taking place in the deeper atmo-
sphere.
The totality of the results presented here and given the find-
ings discussed above can be interpreted to imply that PMJs are
manifestations of heating events most likely originating due to
heating events at photospheric to lower chromospheric heights
and that propagate upwards as a heating front, with only mod-
est accompanying mass motions. This heating front reaches TR
temperatures as evidenced by Si iv line pair emission and a sin-
gle instance of emission in the O iv 1401 Å line.
As in Rouppe van der Voort & Drews (2019) and Esteban
Pozuelo et al. (2019), these conclusions stand in contrast to ear-
lier results in the literature that have observed PMJs to exhibit
apparent velocities reaching the order of 100’s of km s−1. As
remarked in greater detail in Rouppe van der Voort & Drews
(2019), it is possible that these higher apparent velocity mea-
surements are due to a lack of temporal resolution in the relevant
observations. The fast phase of brightening that takes place over
the entirety of the PMJs observed in Rouppe van der Voort &
Drews (2019) can, if observed with slow cadence observations,
be mistaken for a fast apparent motion, rather than a fast bright-
ening with no clear directionality.
6. Conclusions and summary
6.1. Summary of diagnostics
6.1.1. PMJs at different heights in the solar atmosphere
The different spectral diagnostics that we have used to study
PMJs are sensitive to different broad regions in the solar atmo-
sphere. In rough order of atmospheric height, from the photo-
sphere and upwards, we can infer the following:
– Emission in the Mg ii triplet wings provides evidence for
heating at photospheric heights for a subset of PMJs.
– Mg ii h2 & k2 average peak Doppler shifts yield estimates for
the line of sight velocity in the lower chromosphere that are
close to zero.
– Mg ii h2 & k2 peak separations are measured to be of the
order of 30 km s−1. The interpretation of this enhanced sep-
aration as a difference in line of sight velocity between the
mid- and more upper chromosphere has a high uncertainty.
It is more likely a result of enhanced heating in the lower
chromosphere.
– C ii widths yield estimates for the non-thermal line widths
and thus upper limits for the non-thermal velocity in the up-
per chromosphere or just below the TR of ≈ (30, 51) km s−1.
– Mg ii h3 & k3 line core offset values yield estimates for the
line of sight velocity in the upper cromosphere, with values
close to zero.
– C ii line-pair line core offset values yield estimates for the
line of sight velocities in the upper chromosphere or TR
heights, with absolute values ≤ 7 km s−1, ranging slightly
below and above zero.
– C ii line-pair ratio values imply optically thick line formation
in the upper chromosphere for these lines.
– The typical number of (double) peaks in the C ii line pair im-
plies a peak in the source function of the lines below the up-
per chromosphere or TR for the majority of PMJs that show
an appreciable signal in these lines.
– Values for the Si iv line-pair line core offsets yield estimates
for the line of sight velocity at the TR, with modest values of
absolute values ≤ 3.2 km s−1.
– The ratio of the Si iv line pair peak intensity ratios imply
optically thin line formation in the TR for these lines.
– One example of emission in the O iv 1401 Å line implies
heating to TR or flare conditions in one instance.
6.1.2. PMJ dark features in the Hα and Ca ii 8542 Å lines
PMJs exhibit dark features in the inner wings of the Hα line,
which was first shown in Buehler et al. (2019). We confirmed
these Hα line dark features, and further found that PMJs also ex-
hibit dark features in the inner line wing of the Ca ii 8542 Å line,
with a large degree of spatial overlap at the two wavelengths. In
both channels, the elongated dark features are aligned with the
direction of the typical PMJ brightening in the inner line core of
the Ca ii 8542 Å line, originating at the head of the jet-like PMJ
event.
At peak brightness, the Ca ii 8542 Å bright feature may ob-
scure the dark feature to some degree. The dark features are ob-
servable on timescale of minutes before and after the bright PMJ
event itself, and they are aligned with the fibril structure of the
sunspot.
This provides evidence for the scenario in which PMJs are
heating events that follow the already existing fibril structure. We
also find that the PMJ darkenings in the inner wings of the Hα
and Ca ii 8542 Å lines are spatially well-aligned with the typical
PMJ brightenings in the IRIS Mg ii SJI channel, indicating that
these darkenings are chromospheric events.
6.1.3. Twisting motions of PMJs
By using Mg ii h & k PMJ spectral profiles along the length
of IRIS raster-slit positions, we produced Dopplergrams and bi-
sector plots in order to investigate potential twisting motions in
PMJs. We only found a few events that exhibited a reversal of
blue-to-red or red-to-blue enhancement in PMJ Mg ii h & k line
profiles along IRIS raster slits, which is indicative of twisting
motions. Only 5 (6%) out of the total 77 studied PMJs exhibited
Dopplergram or bisector features that are clearly congruent with
twisting motions. We found a further 7 (9%) and 21 (27%) PMJs
that exhibited only red or blue enhancement, respectively, in the
Mg ii h & k lines. We conclude that twisting motions in the PMJs
in our datasets are rare and that they are not a universal property
requisite for their formation at the scales we observe.
6.1.4. Temporal evolution of PMJs
The temporal evolution of PMJ brightenings when studied across
different spectral lines reveals that their onsets do not differ sig-
nificantly on the timescale of our IRIS raster cadence of ∼ 40 s.
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As such, we do not observe that PMJs present at a particular tem-
perature or atmospheric layer corresponding to a specific wave-
length before others. If PMJs consist of true mass motions, one
would expect discrepancies between onset times between differ-
ent channels. The limiting cadence of ∼ 40 s for the IRIS raster
channel is less than the upper limit of the time range of 10 s to
1 min differences in onset times between bright dots and associ-
ated PMJs reported in Samanta et al. (2017).
6.2. Qualitative summary
The clear takeaway from this work is that PMJs extend through
atmospheric layers from the photosphere to the TR and that they
are characterised by low Doppler velocities and velocity gradi-
ents throughout all atmospheric layers. Further, PMJs are associ-
ated with chromospheric dark features in the inner wings of both
the Hα and Ca ii 8542 Å lines and PMJs develop along the direc-
tion of these dark features that are present before and after the
PMJ brightening in the inner Ca ii 8542 Å wing. The dark fea-
tures align well with the surrounding fibril structure, which may
suggest that PMJs develop along pre-existing fibrils. We find
only very few PMJs that exhibit clear indications of twisting. We
find evidence of low atmosphere heating in a small number of
PMJs due to emission in the wings of the Mg ii triplet, indicating
that some PMJs may result from heating at photospheric heights.
The temporal evolution of PMJs through all studied channels in-
dicates no preference for first-onsets in any one channel on the
time scale of the ∼ 40 s IRIS raster cadence.
We find these results to be consistent with the scenario put
forth in Esteban Pozuelo et al. (2019) and Rouppe van der Voort
& Drews (2019) that PMJs are the result of a magnetic reconnec-
tion heating event at photospheric or low chromospheric heights
that propagate heat upwards in the atmosphere through a heat-
ing front that travels along a pre-existing fibril. Furthermore,
the heating front then causes a brightening along the fibril at
Alfvenic speeds with the PMJ exhibiting only low mass motions.
A natural next step in elucidating the nature of PMJs would be
MHD modelling of PMJs and the production of synthetic spec-
tral profiles constrained by the now extensive spectral diagnostic
values and PMJ properties found here, combined with the previ-
ous constraints provided by the literature.
Acknowledgements. The Swedish 1-m Solar Telescope is operated on the is-
land of La Palma by the Institute for Solar Physics of Stockholm University
in the Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofísica de Canarias. The Institute for Solar Physics is supported by a grant
for research infrastructures of national importance from the Swedish Research
Council (registration number 2017-00625). This research is supported by the
Research Council of Norway, project number 250810, and through its Centres
of Excellence scheme, project number 262622. IRIS is a NASA small explorer
mission developed and operated by LMSAL with mission operations executed at
NASA Ames Research center and major contributions to downlink communica-
tions funded by ESA and the Norwegian Space Centre. This study benefited from
discussions during the workshop “Studying magnetic-field-regulated heating in
the solar chromosphere” (team 399) at the International Space Science Institute
(ISSI) in Bern, Switzerland. We made much use of NASA’s Astrophysics Data
System Bibliographic Services. We wish to thank Tiago Pereira in particular for
valuable suggestions and discussions.
References
Alpert, S., Tiwari, S. K., Moore, R. L., Savage, S. L., & Winebarger, A. R. 2014,
in AGU Fall Meeting Abstracts, Vol. 2014, SH51C–4182
Buehler, D., Esteban Pozuelo, S., de la Cruz Rodriguez, J., & Scharmer, G. B.
2019, ApJ, 876, 47
de la Cruz Rodríguez, J., Leenaarts, J., & Asensio Ramos, A. 2016, ApJ, 830,
L30
de la Cruz Rodríguez, J., Leenaarts, J., Danilovic, S., & Uitenbroek, H. 2018,
STiC: Stockholm inversion code
de la Cruz Rodríguez, J., Löfdahl, M. G., Sütterlin, P., Hillberg, T., & Rouppe
van der Voort, L. 2015, A&A, 573, A40
De Pontieu, B., Martínez-Sykora, J., & Chintzoglou, G. 2017, ApJ, 849, L7
De Pontieu, B., Title, A. M., Lemen, J. R., et al. 2014, Sol. Phys., 289, 2733
Drews, A. & Rouppe van der Voort, L. 2017, A&A, 602, A80
Esteban Pozuelo, S., de la Cruz Rodríguez, J., Drews, A., et al. 2019, ApJ, 870,
88
Jurcˇák, J. & Katsukawa, Y. 2008, A&A, 488, L33
Jurcˇák, J. & Katsukawa, Y. 2010, A&A, 524, A21
Katsukawa, Y. 2018, Penumbral Microjets in Sunspot Chromospheres: Evidence
of Magnetic Reconnection, ed. T. Shimizu, S. Imada, & M. Kubo (Singapore:
Springer Singapore), 201–210
Katsukawa, Y., Berger, T. E., Ichimoto, K., et al. 2007, Science, 318, 1594
Katsukawa, Y. & Jurcˇák, J. 2010, A&A, 524, A20
Kowalski, A. F., Butler, E., Daw, A. N., et al. 2019, ApJ, 878, 135
Leenaarts, J., Pereira, T. M. D., Carlsson, M., Uitenbroek, H., & De Pontieu, B.
2013a, ApJ, 772, 89
Leenaarts, J., Pereira, T. M. D., Carlsson, M., Uitenbroek, H., & De Pontieu, B.
2013b, ApJ, 772, 90
Martínez-Sykora, J., De Pontieu, B., Hansteen, V. H., & Gudiksen, B. 2016, ApJ,
817, 46
Nakamura, N., Shibata, K., & Isobe, H. 2012, ApJ, 761, 87
Olluri, K., Gudiksen, B. V., & Hansteen, V. H. 2013, ApJ, 767, 43
Pereira, T. M. D., Carlsson, M., De Pontieu, B., & Hansteen, V. 2015, ApJ, 806,
14
Pereira, T. M. D., Leenaarts, J., De Pontieu, B., Carlsson, M., & Uitenbroek, H.
2013, ApJ, 778, 143
Rathore, B. & Carlsson, M. 2015, ApJ, 811, 80
Rathore, B., Carlsson, M., Leenaarts, J., & De Pontieu, B. 2015a, ApJ, 811, 81
Rathore, B., Pereira, T. M. D., Carlsson, M., & De Pontieu, B. 2015b, ApJ, 814,
70
Reardon, K., Tritschler, A., & Katsukawa, Y. 2013, ApJ, 779, 143
Rouppe van der Voort, L. H. M. & Drews, A. 2019, A&A, 626, A62
Rutten, R. J., Vissers, G. J. M., Rouppe van der Voort, L. H. M., Sütterlin, P., &
Vitas, N. 2013, Journal of Physics Conference Series, 440, 012007
Samanta, T., Tian, H., Banerjee, D., & Schanche, N. 2017, ApJ, 835, L19
Scharmer, G. B., Bjelksjö, K., Korhonen, T. K., Lindberg, B., & Petterson, B.
2003, in Society of Photo-Optical Instrumentation Engineers (SPIE) Confer-
ence Series, Vol. 4853, Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series, ed. S. L. Keil & S. V. Avakyan, 341–350
Scharmer, G. B., Narayan, G., Hillberg, T., et al. 2008, ApJ, 689, L69
Tian, H., Kleint, L., Peter, H., et al. 2014, ApJ, 790, L29
Tian, H., Young, P. R., Reeves, K. K., et al. 2015, ApJ, 811, 139
Tiwari, S. K., Moore, R. L., De Pontieu, B., et al. 2018, ApJ, 869, 147
Tiwari, S. K., Moore, R. L., Winebarger, A. R., & Alpert, S. E. 2016, ApJ, 816,
92
van Noort, M., Rouppe van der Voort, L., & Löfdahl, M. G. 2005, Sol. Phys.,
228, 191
Vissers, G. & Rouppe van der Voort, L. 2012, ApJ, 750, 22
Vissers, G. J. M., Rouppe van der Voort, L. H. M., & Carlsson, M. 2015, ApJ,
811, L33
Article number, page 23 of 26
A&A proofs: manuscript no. penumbral_microjets_multi_diagnostic
Appendix A: Supplementary figures
Here we provide supplementary figures showing more examples
of specific PMJ behaviours as described in the preceding text.
Figure A.1 shows the Ca ii 8542 Å and Hα line dark feature
evolution of PMJ B21, analogous to what is shown in Fig. 9.
Figure A.2 shows example PMJs from dataset B with appar-
ent Ca ii 8542 Å and Hα line dark features that overlap with Mg ii
SJI channel bright features, analogous to those shown in Fig. 11.
Figure A.3 shows timeslices for PMJs in dataset B for which
intensity brightenings are apparent for most spectral lines, anal-
ogous to those shown in Fig. 14.
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Fig. A.1: PMJ B21 and its associated Ca ii 8542 Å and Hα line dark
features. The layout is identical to that of Fig. 9.
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Fig. A.2: PMJs drawn from dataset B for which dark features in the
Ca ii 8542 Å blue wing (first column) and the Hα inner blue wing (third
column) overlap with brightening in the Mg ii SJI channel (second col-
umn). The layout is identical to that of Fig. 11.
Appendix B: Information on online supplementary
videos
The videos showing all PMJs at only peak brightness for dataset
A and B are available in Video 1 and Video 2, respectively.
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Fig. A.3: Spectral timeslices for a selection of PMJ events from
dataset A that display clearly visible signals. The layout is identical to
that of 14.
The videos detailing the temporal evolution of PMJs in
dataset A and B are available in Video 3 and Video 4, respec-
tively.
Various plots are provided in the videos; all studied spectral
lines (except the Hα line), time- and space-slices in these lines,
bisector plots, Mg ii h & k Dopplergrams, RGB images of the
given PMJs that are marked with spectral profile sampling posi-
tions, and Ca ii 8542 Å blue inner line wing images of the PMJs.
Videos 1 and 2 show each PMJ for only the peak brightness
time frame. Videos 3 and 4 show the temporal evolution of all
PMJs in each dataset; each PMJ is shown for 11 time frames,
corresponding to five IRIS SJI time indexes before and after the
nominal peak brightness time index, as well as the peak bright-
ness time index of the given PMJ itself. This corresponds to
showing the diagnostics corresponding to approximately 3 min
36 s for each PMJ. PMJs that appear close to the start and end
times of our observation times were truncated in time accord-
ingly.
In Fig. B.1 we show a frame drawn from the video for dataset
A. It shows plots and images for the time of peak brightness for
PMJ A10. The caption gives details for all plots, and the layout
is valid for both the peak-brightness-only videos (1 & 2) and for
all time frames in both PMJ temporal evolution videos (3 & 4)
for both datasets A and B.
Article number, page 25 of 26
A&A proofs: manuscript no. penumbral_microjets_multi_diagnostic
−
40
−
20
0
20
40
∆ 
v 
[km
/s]
608010
0
12
0
14
0
16
0
18
0
20
0
 
−
10
00
−
50
0
0
50
0
10
00
00
∆m
Å
Ca
 II
85
42
Intensity [count]
−
30
0
30
∆ 
v 
[km
/s]
−
30
0
30
∆ 
v 
[km
/s]
[pixels along slit]
−
70
0
0
70
0
∆m
Å
Ca
 II
85
42
 Å
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
0
50
0
∆m
Å
M
g 
II 
k
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
0
50
0
∆m
Å
M
g 
II 
h
1
2
3
4
5
6
7
8
sl
it 
[nr
]
1
2
3
4
5
6
7
8
sl
it 
[nr
]
M
g 
II 
k
1
2
3
4
5
6
7
8
sl
it 
[nr
]
1
2
3
4
5
6
7
8
sl
it 
[nr
]
M
g 
II 
h
−
1
−
0.
5
 0.
5
1 Idoppler [normalized]
Ev
en
t A
10
27
96
 S
JI
 ti
m
e 
in
de
x,
t SJ
I =
 
03
82
O
bs
er
va
tio
n 
tim
e,
 t o
bs
 
=
 
 
78
02
.6
6 
s
N
ow
 a
t p
ea
k−
br
ig
ht
ne
ss
 ti
m
e 
in
de
x.
M
g 
II
k 
(bl
ac
k) 
& 
h (
ye
llo
w)
pr
of
ile
s 
al
on
g 
sli
t
 
 
 
 
 
 
 
0
50
0 
 
 
 
 
 
 
 
 
0
50
0 
 
 
 
 
 
 
 
 
0
50
0 
 
 
 
 
 
 
 
 
0
50
0 
Intensity [count]
 
 
 
 
 
 
 
0
50
0 
 
 
 
 
 
 
 
 
0
50
0 
 
 
 
−
50
0
50
 
O
ffs
et
 [k
m/
s]
0
50
0 
 
M
g 
II 
k&
h
bi
se
ct
or
s
 
 
 
 
 
 
 
   
 
00.
5
 
 
y=
3
 
 
 
 
 
 
 
   
 
00.
5
 
 
y=
2
 
 
 
 
 
 
 
   
 
00.
5
 
 
y=
1
 
 
 
 
 
 
 
   
 
00.
5
 
 
y=
0
 
 
 
 
 
 
 
   
 
00.
5
 
 
y=
−1
 
 
 
 
 
 
 
   
 
00.
5
 
 
y=
−2
 
 
−
5
0
5
 
O
ffs
et
 [k
m/
s]
   
 
00.
5
 
 
y=
−3
Intensity [normalized]
−
60
0
60
∆ 
v 
[km
/s]
−
60
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
C 
II 
13
34
−
60
0
60
∆ 
v 
[km
/s]
−
60
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
C 
II 
13
35
−
60
0
60
∆ 
v 
[km
/s]
−
60
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
Si
 IV
 1
39
4
−
60
0
60
∆ 
v 
[km
/s]
−
60
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
Si
 IV
 1
40
3
−
30
0
30
∆ 
v 
[km
/s]
−
30
0
30
∆ 
v 
[km
/s]
−
70
0
0
70
0
∆m
Å
Ca
 II
85
42
 Å
time [min]
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
0
50
0
∆m
Å
M
g 
II 
k
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
50
∆ 
v 
[km
/s]
−
50
0
0
50
0
∆m
Å
M
g 
II 
h
−
60
 
0
60
∆ 
v 
[km
/s]
−
60
 
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
C 
II 
13
34
−
60
 
0
60
∆ 
v 
[km
/s]
−
60
 
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
C 
II 
13
35
−
60
0
60
∆ 
v 
[km
/s]
−
60
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
Si
 IV
 1
39
4
−
60
0
60
∆ 
v 
[km
/s]
−
60
0
60
∆ 
v 
[km
/s]
−
30
0
0
30
0
∆m
Å
Si
 IV
 1
40
3
[ar
cs
ec
]
 
[ar
cs
ec
]
R
G
B 
Im
ag
e
R
ed
: C
aI
I 8
54
2,
−
35
0m
Å
G
re
en
: 2
79
6 
SJ
I
Bl
ue
: 1
40
0 
SJ
I
  
Ca
II 
85
42
,
−
35
0m
Å
−
15
0
−
10
0
−
50
0
50
10
0
∆ 
v 
[km
/s]
−
1012
2
25
3
38
5
 
−
60
0
 
−
20
0
0
20
0
 
60
0
00
∆m
Å
Si
 IV
 1
39
4
Intensity [count]
−
40
0
−
30
0
−
20
0
−
10
0
0
10
0
∆ 
v 
[km
/s]
−
109119
2
 
O
 IV
 1
40
1
−
20
00
−
15
00
−
10
00
−
50
0
0
50
0
∆m
Å
Si
 IV
 1
40
3
−
10
0
−
50
0
50
10
0
∆ 
v 
[km
/s]
 
 
−
40
0
−
20
0
0
20
0
40
0
 
00
∆m
Å
C 
II 
13
35
−
10
0
−
50
0
50
10
0
∆ 
v 
[km
/s]
−
154210
0
 
 
−
40
0
−
20
0
0
20
0
40
0
 
00
∆m
Å
C 
II 
13
34
−
60
−
40
−
20
0
20
40
60
∆ 
v 
[km
/s]
−
10
0
95
0
20
00
 
 
−
40
0
−
20
0
0
20
0
40
0
 
00
∆m
Å
M
g 
II 
k
−
20
0−
10
0
0
10
0
20
0
30
0
40
0
∆ 
v 
[km
/s]
−
107015
0
 
−
20
00
 
0
 
20
00
 
40
00
∆m
Å
M
g 
II 
tri
pl
et
Intensity [count]
−
60
−
40
−
20
0
20
40
60
∆ 
v 
[km
/s]
 
−
40
0
−
20
0
0
20
0
40
0
 
00
∆m
Å
M
g 
II 
h
Fi
g.
B
.1
:
Pe
ak
-i
nt
en
si
ty
tim
e
fr
am
e
fo
r
PM
J
A
10
fr
om
th
e
te
m
po
ra
le
vo
lu
tio
n
vi
de
o
fo
r
in
di
vi
du
al
PM
Js
in
da
ta
se
tA
.T
he
la
yo
ut
is
id
en
tic
al
fo
r
da
ta
se
ts
A
an
d
B
.T
he
sp
ec
tr
al
lin
e
pr
ofi
le
s
ar
e
sh
ow
n
on
th
e
le
ft
-h
an
d
si
de
;p
an
el
s
le
ft
to
ri
gh
ta
nd
to
p
to
bo
tto
m
sh
ow
pr
ofi
le
s
fo
r
th
e
C
a
ii
85
42
Å
lin
e,
th
e
M
g
ii
k
an
d
h
lin
es
,t
he
M
g
ii
tr
ip
le
t,
th
e
C
ii
13
34
Å
an
d
13
35
Å
lin
es
,a
nd
th
e
Si
iv
13
94
Å
an
d
14
03
Å
lin
es
(t
he
la
tte
r
ha
s
O
iv
14
01
Å
in
di
ca
te
d)
.T
he
di
ff
er
en
tl
in
es
ty
le
s
de
no
te
th
e
fo
llo
w
in
g:
bl
ac
k
so
lid
lin
e,
th
e
PM
J
lin
e
pr
ofi
le
at
th
e
sa
m
pl
in
g
po
si
tio
n;
bl
ue
an
d
re
d
pr
ofi
le
s
w
er
e
sa
m
pl
ed
at
po
si
tiv
e
an
d
ne
ga
tiv
e
ve
rt
ic
al
off
se
ts
fr
om
th
e
m
ai
n
sa
m
pl
in
g
po
si
tio
n,
re
sp
ec
tiv
el
y,
w
ith
a
di
ff
er
en
tl
in
e
st
yl
e
fo
r
ea
ch
on
e-
pi
xe
ld
iff
er
en
ce
;s
ol
id
lin
es
(o
ne
-p
ix
el
off
se
t)
;d
ot
te
d
lin
es
(t
w
o-
pi
xe
lo
ff
se
t)
;d
as
he
d
lin
e
(t
hr
ee
-p
ix
el
off
se
t)
;b
la
ck
-d
as
he
d
lin
e,
th
e
av
er
ag
e
PM
J
lin
e
pr
ofi
le
fo
rt
he
da
ta
se
t;
gr
ee
n-
do
tte
d
lin
e,
th
e
av
er
ag
e
lin
e
pr
ofi
le
ac
ro
ss
al
lp
ix
el
s
in
th
e
ob
se
rv
at
io
ns
;
an
d
gr
ee
n-
da
sh
-d
ot
te
d
lin
e,
th
e
av
er
ag
e
pe
nu
m
br
al
lin
e
pr
ofi
le
.P
os
iti
on
s
of
lin
e
co
re
s
(v
er
tic
al
so
lid
gr
ee
n
lin
es
),
re
d
pe
ak
s
(v
er
tic
al
so
lid
re
d
lin
es
),
or
bl
ue
pe
ak
s
(v
er
tic
al
so
lid
bl
ue
lin
es
)
ar
e
m
ar
ke
d
fo
r
th
os
e
sp
ec
tr
al
lin
es
w
he
re
ap
pl
ic
ab
le
.S
ho
w
n
to
th
e
im
m
ed
ia
te
ri
gh
to
f
th
e
sp
ec
tr
al
pr
ofi
le
s
ar
e
sp
ac
e-
sl
ic
es
(t
op
)
an
d
tim
e-
sl
ic
es
(b
ot
to
m
)
of
th
e
st
ud
ie
d
sp
ec
tr
al
lin
es
;e
ac
h
pa
ne
li
s
m
ar
ke
d
ac
co
rd
in
gl
y.
H
or
iz
on
ta
ll
in
es
m
ar
k
th
e
sa
m
pl
ed
y-
po
si
tio
n
fo
rt
he
sp
ac
e-
sl
ic
e
pa
ne
ls
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d
th
e
sa
m
pl
in
g
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e
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he
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e-
sl
ic
e
pa
ne
ls
.G
iv
en
to
th
e
ri
gh
to
ft
he
sp
ac
e-
sl
ic
es
ar
e
D
op
pl
er
gr
am
s
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th
e
M
g
ii
k
&
h
lin
es
,e
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h
pa
ne
li
s
m
ar
ke
d
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rd
in
gl
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an
d
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ri
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al
lin
es
su
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in
g
th
e
M
g
ii
PM
J
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pl
in
g
po
si
tio
n
an
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th
e
th
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e
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xe
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e
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th
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ri
gh
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e
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g
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el
lo
w
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he
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k
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so
lid
lin
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ec
tr
al
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ofi
le
s
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ev
en
pi
xe
ls
al
on
g
th
e
PM
J
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ra
st
er
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it,
w
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th
e
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rr
es
po
nd
in
g
bi
se
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s
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ac
h
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ec
tr
al
lin
e,
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hi
ch
ar
e
gi
ve
n
to
th
ei
rr
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ht
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ot
h
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es
.B
is
ec
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th
at
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ve
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n
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e
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d
ci
rc
le
(p
os
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o
th
e
ri
gh
to
ft
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es
lic
es
w
e
gi
ve
th
e
cu
rr
en
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G
B
im
ag
e
ce
nt
re
d
on
th
e
PM
J;
th
e
sa
m
pl
in
g
po
si
tio
ns
fo
re
ac
h
sp
ec
tr
al
lin
e
is
in
di
ca
te
d
w
ith
sy
m
bo
ls
as
gi
ve
n
in
th
e
sp
ec
tr
al
lin
e
pa
ne
ls
.V
er
tic
al
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sh
ed
lin
es
in
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ca
te
th
e
IR
IS
ra
st
er
sl
it
po
si
tio
ns
.A
n
in
se
rt
in
th
e
up
pe
rl
ef
ts
ho
w
s
th
e
sa
m
e
FO
V
an
d
sa
m
pl
in
g
po
si
tio
ns
,b
ut
in
th
e
in
ne
rb
lu
e
w
in
g
of
th
e
SS
T
C
a
ii
85
42
Å
lin
e.
A
bo
ve
th
e
R
G
B
im
ag
e,
th
e
PM
J
id
en
tifi
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tio
n
an
d
th
e
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rr
en
ts
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pl
in
g
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itj
aw
im
ag
e
in
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w
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s
th
e
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so
lu
te
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at
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in
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nd
s
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e
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